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Abstract 
Glass matrix composites based on NextelTM alumina fibre reinforced borosilicate glass 
have been fabricated to improve their mechanical property and fracture toughness. In this 
work, a novel processing technique, which is called “sandwich” hot-pressing, has been 
used. It consists of arranging the reinforcing fibres in two directions with a periodic 
interspacing between glass slides, and submitting the material to a heat-treatment for 
consolidation into highly dense and transparent composites, which were proved by XRD 
analysis and SEM observations. These composites’ mechanical, optical and 
microstructural properties were studied and compared to those of the unidirectional fibre 
reinforced borosilicate glass composite and unreinforced glass matrix produced under the 
same conditions. Furthermore, a hybrid sol-gel technique has been employed for coating 
the fibres with a smooth and crack free ZrO2 interfacial layer to provide a weak bonding at 
the fibre/matrix interface to promote fibre pull-out during fracture.  
  ZrO2 coated and uncoated fibre-reinforced borosilicate glass matrix composites were 
fabricated, with different sizes of optical windows including 4x4, 5x5 and 6x6 cm2. 
Moreover, a geometry based equation was derived to evaluate the expected light 
transmittance of the composites. These multi-directional fibre reinforced glass matrix 
composites retained at least 50% of the light transmittance and higher flexural strength 
compared with the unreinforced glass matrix.  The highest measured flexural strength 
value of these composites was 56 ± 7 MPa. The composites reinforced by ZrO2 coated 
fibres had higher flexural strength (approx. 36%) and lower standard deviation 
(approx. 47%) compared with those reinforced by uncoated fibres. The introduction of a 
ZrO2 interfacial layer was to improve the mechanical properties and to retain the 
composites’ integrity, which was proved by the observations of fibre pull-out and crack 
deflection upon failure during mechanical tests. To investigate the microstructure of the 
interfacial layer in the composite, SEM, FIB-SIMS and TEM were employed. The present 
composites show potential for applications in architecture and special machinery requiring 
strong transparent windows. 
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1 Introduction 
   Glass matrix composites (GMCs) with increased mechanical strength, fracture 
toughness, impact strength and thermal shock resistance can be made by introducing stiff 
and strong ceramic fibres as reinforcements [1, 2]. Applications of GMCs are expected to 
broaden if the improvement of these properties can be achieved without significant 
transparency loss of the glass matrix. Thus, research is being carried out in the field of 
“optomechanical composites” [3-5], e.g. GMC with improved mechanical behaviour that 
retain the light transmittance property of the glass matrix. The developed GMCs 
investigated in this work are candidates to meet the demand for strong transparent 
materials in applications such as those in the architectural/building construction industry 
(e.g. safety windows, windshields, security glazing), special machinery (e.g. thermal 
process monitoring windows) and for the military industry (e.g. armour).  
 
 
Figure 1.1 – Typical use of optomechanical composites in construction and 
architecture  
 
   Figure 1.1 shows one possible use of optomechanical composites in construction and 
architecture, e.g. there is increasing interest in the use of glass in structural applications, 
for example in new buildings like the one shown in the image. A significant drive for the 
research on optomechanical composites is thus to achieve: 
1. Similar (or even better) mechanical strength than current security or laminated glass 
but with thinner cross sections. e.g. leading to lighter weight in construction 
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material, 
2. Increased toughness and safe fracture behaviour (e.g. by the action of the 
reinforcing fibres in a classical composites approach), 
3. High fibre and thermal protection as well as high thermal shock resistance 
(compared to security/laminated glass) if the optomechanical composites are made 
of inorganic material only (no polymer layers as in security or laminated glass), 
   Relevant properties, such as optical, thermal and mechanical properties, must be 
considered when appropriate fibres and matrices are selected for optomechanical 
composites. For example, matching the refractive index between the fibres and the 
matrices is important to avoid excessive transparency losses [6]. The composite is usually 
fabricated by softening the glass matrix at high temperature and immersing the fibres into 
the matrix. Therefore, suitable fibres must have higher thermal stability than that of the 
matrix and they should not suffer structural damage during processing [7]. In addition, 
appropriate coefficients of thermal expansion (CTE) of both the fibre and the matrix are 
required, to avoid the development of high internal residual stresses in the matrix which 
may be detrimental for the composite mechanical strength  [6].  
   Furthermore, given that bonding between the fibre and matrix determines the ultimate 
composite mechanical properties, special attention must be given to reactions at the 
fibre/matrix interface. As in all ceramic matrix composites (CMCs), the occurrence of 
toughening mechanisms, such as crack deflection at the interface and fibre pull-out during 
the fracture process, provides energy dissipation during crack propagation, which 
improves the mechanical behaviour of brittle matrices [8-10]. To induce fibre pull-out and 
crack deflection during the fracture process [11-13], weak interfacial bonding is required 
rather than strong bonding which would impede the occurrence of toughening mechanisms 
and could lead the fibres to break simultaneously with the matrix [14]. Different types of 
fibres with different arrangements and processing routes have been suggested for GMC 
fabrication [6, 15-24]. 
   Following on previous research of Desimone et al. [25, 26], a family of novel 
optomechanical glass matrix composites has been developed in this project. Composite 
systems made of borosilicate glass/sapphire fibre and borosilicate glass/NextelTM fibre 
were investigated. To induce toughening mechanisms in the composite, coating of the 
fibres with an oxide (ZrO2) layer was the chosen approach to optimize the fibre/matrix 
interface, which should lead to fibre pull-out and debonding mechanisms during fracture of 
the composite [25, 26]. In addition, composite transparency was investigated by employing 
the “optical window” concept which enables light to be transmitted through the area of the 
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composites free of fibres.  
   Based on the previous results obtained by Desimone [26], several original investigations 
were proposed and carried out in this project, such as i) fabrication and characterization, 
for the first time, of composites with multi-directional fibre orientations, ii) developing of a 
light transmittance evaluation method (analytical equation) suitable for this new multi-
directional fibre orientation system, which enables the prediction of the composite 
transmittance, and iii) development of a new hybrid ZrO2 sol-gel fibre coating method for 
obtaining improved fibre coatings and thus engineered interfaces in the composites 
(forming “mini-composites” as reinforcing elements).    
21 
 
2 Literature Review 
2.1 Introduction to ceramic matrix composites 
   CMCs potentially provide a unique combination of properties, such as high mechanical 
strength and stiffness combined with relatively high fracture toughness, thus they are 
candidates for structural applications in many fields. CMC’s offer oxidation and erosion 
resistance at high temperatures [27]. However, improvement of the mechanical properties 
whilst maintaining the structural integrity under operating conditions is the main problem 
yet to be solved in this group of materials. Especially in structural applications, the problem 
of high brittleness and relatively low fracture toughness in ceramics and glasses should be 
solved first. In addition, further development of suitable fabrication processing methods is 
required due to the high temperature involved in ceramics as a result of their refractory 
character, which makes the fabrication of CMCs a complex and cost-intensive task [9, 10]. 
   To increase the resistance to crack propagation in brittle materials, mechanical 
toughening based on energy-dissipating phenomena should occur, which in composites is 
achieved by the introduction of reinforcements into the ceramic matrices. Introducing 
toughening mechanisms such as debonding at the fibre/matrix interface, crack deflection, 
fibre bridging and pull-out would provide favourable damage-tolerant behaviour of CMCs. 
The interface region between the fibres and the matrix is the primary parameter which can 
influence the composite’s properties since toughening mechanisms are based on the 
interaction between propagated cracks and the fibre/matrix interface [9, 10].  
   Fabricating a near full-density ceramic composite is quite difficult, due to the constraints 
imposed by the reinforcement, which restrain the associated shrinkage, during matrix 
sintering especially for composites with a high volume fraction of fibres or three-
dimensional composites. Hence, the processing of oxide composites can be treated as “a 
competition between avoiding microstructural and morphological changes in one refractory 
constituent while affecting large changes in another nearly equally refractory constituent” 
[2]. More details are discussed further below. 
   Matrices of CMC’s include monolithic glass (such as borosilicate, soda-lime-silica and 
silica), glass-ceramics (such as lithium aluminium silicate) and technical ceramics (such as 
alumina, silicon carbide and silicon nitride). Ceramic fibres, particles, whiskers and, more 
recently, carbon nanotubes have been employed as reinforcements in CMCs [9, 28].  
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   Due to their relevance in the context of this research project, in the following section, 
GMCs are described in detail, with focus on optomechanical composites, e.g. GMCs that 
exhibit light transmittance. In addition, reinforcements and matrices, which are generally 
used in the development of GMCs, are described in sections 2.3 and 2.4. A summary of 
fabrication processes for GMCs is presented in section 2.5. In order to increase the 
composite fracture toughness, fibre coating techniques were also investigated to introduce 
an inert interfacial layer between the fibre and matrix are described in section 2.6. Finally, 
the general information about the mechanical properties of brittle matrix composite is 
presented in section 2.7.   
2.2 Glass matrix composites 
   Glass, when used as the matrix in composite materials, has many advantages, such as 
ease of densification, and a more feasible and cost-effective fabrication route, compared to 
polycrystalline CMCs. Therefore, glasses have a foreseeable commercial potential as the 
matrix of composite materials. In addition, oxide glasses also provide excellent 
environmental stability (oxidation resistance) compared to non-oxide ceramic matrix 
materials. For composite development, glass matrices have many extra advantages, for 
example [1, 27]:  
- The possibility of tailoring the thermal coefficient of expansion to match those of 
reinforcing fibres; 
- Control of the fibre-matrix chemical interaction through the glass chemistry; 
- Possible rapid composite densification, as mentioned previously, due to rapid 
glass matrix viscous flow; 
- Low matrix viscosity that allows composites to be formed without damage of the 
fibres. 
   Meanwhile, a glass matrix also presents one main disadvantage, a limitation of the 
temperature capability compared with other ceramic matrices, because of the softening 
and viscous flow of the glass, as the temperature is increased. Thus GMC are designed 
for low to intermediate (<800 ºC) temperature applications. 
   Increasing brittle materials’ fracture toughness, including those with glass matrices, relies 
on introducing some weak elements in the microstructure which may fail during crack 
propagation, for example: using porous interfaces or fibre coatings. Recently, more 
attention has been paid to research on porous interfaces which facilitate fracture of the 
interface region that impedes stress concentration on the fibre. Introduction of suitable 
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fibre-matrix interfaces in GMCs is still a major field of active research. The key point for 
improvement of fracture toughness is the formation of a relatively weak interface between 
the fibre and matrix, as discussed further below [2]. 
   Carbon, silicon carbide, boron and alumina fibres are the most popular reinforcements 
which are widely used in GMCs. Fibre reinforced GMC systems were originally developed 
in the 1960’s [29]. The first fibres used were carbon fibres, which were the only fibres 
available at that time. Using carbon fibres as reinforcement can offer excellent structural 
properties to the composite when the reinforcements are continuous or carefully aligned. 
In the 1980’s, SiC fibres were used in GMCs for the first time. Until now, SiC fibre-
reinforced systems have been the most investigated, which have formed commercial 
applications, such as Tyrannohex®, Ube Industries, Japan and FORTADUR®, Schott 
Glass, Germany [30]. SiC fibre-reinforced GMCs offer some outstanding characteristics, 
such as relatively high fracture toughness, thermal shock resistance and high-temperature 
oxidation resistance [1]. Boron fibres which have been investigated in academic research 
are another option for the reinforcement in glass matrix composites. However, they are 
expensive and require rigorous fabrication techniques and so are not widely used 
commercially [5]. Oxide fibres are used to reinforce glass matrices to obtain composites 
with excellent high temperature oxidation stability. Alumina and alumino-silicate fibres are 
the typical oxide fibres employed as reinforcement in glass and glass-ceramic matrices. 
However, the strong interface bonding between the oxide fibre and the glass matrix 
reduces the composite strength and toughness, compared with SiC fibre-reinforced 
composites [6, 18, 19, 31]. Obviously, the introduction of weak interface bonding is a key 
aspect to confer improved toughness on the composite. A similar situation is observed in 
glass fibre-reinforced glass matrix systems, which are also restricted by the strong 
fibre/matrix bonding. Novel SiC/Al4O4C nano-fibres which have nanometre-sized diameter 
fibres, between 40 to 300 nm [32] are reinforcing elements that have recently been 
considered. These new types of fibres have already been used to reinforce borosilicate 
glass matrices by a conventional glass melting method [32]. The composites showed 
improved hardness, but worse bending strength due to the low relative density compared 
to other GMCs.  
   Particulate reinforcements have been introduced into GMC systems since the 1970s. 
Boccaccini & Trusty (1996) [33] fabricated Al2O3 platelet-reinforced borosilicate glass. They 
showed that the composite, which was produced by hot-pressing, offered enhanced 
mechanical properties by increasing the reinforcement percentage up to 30 vol%. Wen et 
al (2000) [34] investigated a novel system in which BN platelike grains were used to 
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reinforce fused silica, for applications such as antenna windows and radome. The SiO2 
glass powder was fully amorphous, with particles around 5–30 μm in diameter. BN powder 
was of a partially crystallised structure (h-BN), containing BN (wt.%) 99.3%, B 0.13%, B2O3 
0.44%, Na2O 0.14%, and traces of Fe2O3 and NiO, with a grain size of 1–15 μm. Although 
the optical properties of this composite were not of interest, improved mechanical 
properties of the composite were determined. A 5.2 times higher bending strength and a 6 
times higher fracture toughness of the composite than those of the monolithic fused silica 
were achieved. Hot-pressing was employed to fabricate the composite to achieve high 
relative densities, of between 93 and 99%. It was found that 60 vol% BN content was the 
optimum value to improve both the bending strength and fracture toughness. 
   All the composite systems considered above have been designed with structural 
applications in mind. Therefore the optical properties of the materials, such as 
transparency and translucency, were not considered. These materials are opaque. Only 
limited work has been carried out to develop GMCs where optical transparency of the 
glass in the visible range has been reported. Therefore, reinforced glass or glass-ceramic 
matrix composites that can retain optical transparency is an attractive field of research.  
2.2.1 Optomechanical composites 
   “Optomechanical composites” are GMCs developed to obtain better mechanical 
properties compared to the transparent monolithic matrix material (glass or glass-ceramic) 
and to maintain the optically properties (light transmittance), simultaneously. This group of 
composites that retain reasonable mechanical properties and optical transparency at the 
same time was first introduced by a Japanese group [5, 18]. Studies published on GMCs 
which are optically transparent and have improved mechanical properties are limited and 
these will be discussed in the present section in detail due to their relevance for this 
project.  
   Meyer et al [35] successfully fabricated fused silica fibre reinforced fused silica matrix 
composites, which contained 10 vol% fibres. In the sintered flat tiles produced, the short 
fibres were distributed randomly. The composites showed variations in density and elastic 
modulus, but no difference in fracture toughness (KIC). In addition, the optical properties of 
this composite were not investigated. 
   Iba et al [15] successfully fabricated GMCs reinforced by SiCaAlON short fibre. The 
fibres and matrix powder were hot pressed to produce composites. In the UV-visible 
range, the composites retained 35 to 50 % light transmittance. In the same system, 
25 
 
laminate composites fabricated from pre-pregs by hot-pressing were reported by the same 
group [16]. When the fibre volume fraction value of the composites was increased from 
0.04 to 0.1, the light transmittance was measured to be between 10 to 40 % in the UV-
visible wavelength region. Information on the composites’ mechanical properties was not 
reported. 
   Dericioglu & Kagawa [5] reported a ceramic-based optomechanical composite, formed 
with a MgAl2O4 matrix reinforced by unidirectionally aligned SiC fibres, which was 
successfully fabricated by hot-pressing. Due to the different fibre interspacing, ranging 
from 1 to 4 mm, the fibre volume content ranged between 0.75 and 0.19 vol%. A light 
transmittance of 25-50% in the UV-visible wavelength region was observed with the 
highest fibre volume content. Although the light transmittance was decreased by the 
introduction of fibres, the composites offered a fail-safe mechanism with the fibres bridging 
the composite fragments after fracture. A new concept, based on the existence of an 
“optical window”, was therefore presented [5], which is based on the presence of relatively 
large spacings introduced between the reinforcing fibres in unidirectional alignment (fibre 
free area) (see Figure 2.1). The shadow area (2Rf), produced by the fibres is responsible 
for the decrease in light transmittance of the monolithic matrix. The window area (dS), 
which is the matrix area between the fibres, is responsible for the light transmittance of the 
composite. The total light transmittance of the composite can be measured by the 
following equation, which explains the relationship between the monolith transmittance, 
shadow area and window area.  Tc∗ = (1 − 2Rfds ) ∙ TM                                         Equation 2.1 
where:  Tc∗ is the total light transmittance of the composite 
             TM is the light transmittance of the monolith matrix material 
 
 
 
 
26 
 
                                          
Figure 2.1 – Schematic drawing of the top view of a unidirectional fibre-reinforced 
composite and definition of the parameters used for the calculation of the 
composite light transmittance [5] 
 
   The use of a mesh-structured reinforcements in glass matrices was reported by the 
same group, Dericioglu & Kagawa [19]. The mesh-structure reinforcement was a 
unidirectional Al2O3 fibre-ZrO2 matrix mini-composite. Hot-pressing was employed to 
fabricate the composites. The mini-composites reinforced the glass slide with different 
interspacings. In this case, a light transmittance of 50% was obtained for the composite 
with the smallest optical window. The composite’s fracture toughness was improved, as 
determined by observing crack bridging and bowing. 
   Boccaccini et al [18] reported that optomechanical composites can be fabricated by a 
novel processing technique, which consists of sandwiching the fibres between two glass 
slides at the relevant temperature. Soda-lime-silica glass slides were reinforced by oxide 
fibres, which were unidirectional, continuous or randomly oriented. Four types of fibres 
were employed in their research, namely basalt, Vetrotex® glass, Nextel® 440 and TiO2 
coated Nextel® 440 fibres, which were coated by a sol-gel technique. For all the 
composites’ the light transmittance was seen to decrease by 30% on average in the visible 
region compared with the matrix, due to the introduction of the fibres. However, the 
mechanical properties, especially the fracture behaviour, did not show significant 
improvements, with the exception of the composite reinforced by coated fibres, except it 
showed a favourable fibre pull-out effect.  
   In addition, Bernardo et al [22] reported that TiO2 was successfully employed to coat 2D 
basalt fibre mats by a sol-gel technique. These fibre mats were sandwiched between 
borosilicate glass powder layers. A hot-pressing method was used to produce these 
Fibre 
Fibre 
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composites which contained 15 vol% of fibres and showed promising mechanical 
properties, such as bending strength. However the composites were not transparent.  
   BN and SnO2 interfaces were also successfully introduced in borosilicate GMCs by Raab 
et al [31]. Boron nitride coated NextelTM 440 and tin coated ZenTronTM glass fibres (both 
continuous and short fibres) were used to fabricate composites with up to 12 vol% fibres 
via slurry infiltration and hot-pressing methods. However, only the composite reinforced by 
BN coated NextelTM 440 fibres showed enhanced fracture toughness due to fibre pull-out. 
The composites’ optical properties were not investigated. 
   A promising result involving sapphire fibre-reinforced borosilicate GMCs has been 
presented by Boccaccini et al [6]. Different fabrication techniques and fibre configurations 
were used. The composite containing sapphire fibres showed good light transmittance, 
20% lower than that of the matrix. However, the mechanical properties were not 
measured. 
   A summary of previous work on optomechanical composites is shown in  
Table 2.1. 
Table 2.1 – Summary of previous investigations of optomechanical composites 
Year Author Process Mechanical Properties 
Optical 
Properties 
Ref. 
1986 Meyer et al Sintering Low toughness -- [35] 
1996 Boccaccini et al Hot-pressing Improved KIC -- [36] 
1996 Iba et al Hot-pressing -- 20-40% [15] 
1999 Iba et al Hot-pressing -- Tc/Tm=0.55 [16] 
2002 Dericioglu et al Hot-pressing Fail-safe mechanism 25-50% [5] 
2003 Boccaccini et al Sandwiching Low toughness -30% (Matrix) [18] 
2003 Dericioglu et al Hot-pressing Fail-safe mechanism 50% [19] 
2005 Boccaccini et al Sandwiching Fibre pull-out 80% [6] 
2006 Raab et al Hot-pressing Quasi-ductile -- [31] 
2006 Bernardo et al Hot-pressing Improved bending -- [22] 
2008 Hülsenberg et al Hot-pressing Damage-tolerant 45% [23] 
2009 Desimone et al Sandwiching Coating introduced 90% [4] 
2010 Desimone et al Sandwiching Improved toughening 
mechanisms -20% 
[25] 
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2.3 Reinforcements 
   Continuous or short fibres, whiskers or particles can be employed as reinforcements in 
composites. Ceramic fibres which exhibit high strength and elastic modulus, plus a high-
temperature capability and are free from environmental attack are suitable reinforcements 
for CMCs. Hence, most of the recent developments focus on ceramic fibrous 
reinforcements, including oxide and non-oxide fibres [10]. In addition, fibres are the most 
suitable form of reinforcement because they can be easily handled and arranged in 
different orientations. For fabricating transparent composites, opaque fibres are employed 
but the optical window concept is exploited, which means the fibres are arranged to 
provide periodically spaced windows through which light is transmitted [19]. 
   Relevant fibres and their properties are listed in Table 2.2. The stiffness and strength of 
the fibres are easily influenced by the processing condition of the fibres. Hence fibres 
made of the same materials can present different properties due to the different fibre 
manufacturing processes employed. Moreover, surface damage caused by handling the 
fibres will influence the fibre’s strength as well. In addition, another important parameter 
which can influence the mechanical strength is the fibre dimensions. For instance, larger 
flaws can be found in longer fibres with a greater diameter, leading to lower strength [10].  
   The enhanced mechanical properties in composites can be understood from the 
characteristic force-displacement curves of fibre-reinforced, particulate-reinforced and 
monolithic ceramics, shown in Figure 2.2. This figure shows that fibre-reinforced ceramic 
composite materials have a greater load carrying capacity after failure has occurred. The 
materials toughness is related to the area under the curve, which represents the energy of 
fracture. It can be observed from the curves that the materials reinforced by particulates or 
fibres have enhanced toughness, which is improved significantly especially for fibre-
reinforced composites. In addition, fibre-reinforced CMCs present a desirable fracture 
mechanism and non-catastrophic failure mode, based on a fibre pull-out effect, in 
comparison with particulate-reinforced composites. However, the price of raw materials for 
particulate-reinforced ceramics is less than that for fibre-reinforced ceramics, and the 
processing of particulate-reinforced ceramics is easier as well. Therefore, particulate-
reinforced ceramic materials are usually more economic and are preferred in applications 
not involving high loads [10]. 
   Fibre-reinforced CMCs were first developed more than 40 years ago. In the 1960’s and 
1970’s, metal fibres were considered as the main type of reinforcement for CMCs. 
However, their low thermal stability and relatively high density are their main 
29 
 
disadvantages which limited their use for some major applications. On the other hand, the 
development of high performance ceramic fibres especially SiC and SiC-based fibres in 
the 1980s prompted renewed activity to reinforce ceramic and glass matrices since then 
[1]. However, non-oxide ceramic fibres are not perfect; their temperature capability is 
limited by oxidation at around 1100°C. In this regard, oxide fibres represent a suitable 
alternative due to their excellent environmental oxidation stability [27]. 
   Nowadays, the most common oxide fibres are the 3M NextelTM series. They are suitable 
for high temperature or thermal insulation applications, however their working temperature 
is limited by a relatively low creep resistance [37]. 
Table 2.2 – Frequently used fibres in composite technology [9, 10] 
 
Density 
(g/cm3) 
Young’s modulus 
(GPa) 
Tensile strength  
(MPa) 
E-glass 2.54 70 2200 
Aramid 
(Kevlar 49) 
1.45 130 2900 
Alumina 3.90 380 1400 
Boron 2.65 420 3500 
Polyethylene 0.97 172 2964 
Carbon 1.86 380 2700 
SiC (Nicalon) 2.60 250 2200 
Al
um
in
a 
Fi
br
es
 
NextelTM 312 2.7 150 1700 
NextelTM 440 3.1 190 2000 
NextelTM 550 3.0 193 2000 
NextelTM 610 3.9 380 3100 
NextelTM 720 3.4 260 2100 
Almax - 320 1000 
Altex - 210 1800 
Sapphire 3.8 435 3000 
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Figure 2.2– Generic force-displacement curves for monolithic, particulate- and fibre- 
reinforced ceramic materials [10] 
 
2.4 Matrices 
2.4.1 Matrix requirements 
   A satisfactory ceramic matrix should satisfy the following characteristics. It should: 
- not damage the fibre physically; 
- be chemically stable, i.e. it should be impermeable to moisture, resistant to 
oxidation should not hydrate or volatilize; 
- be able to infiltrate a bundle of fibres, whiskers or particulate perform; 
- form a mechanical or frictional bond with the reinforcement; 
- have no (extensive) chemical reaction with the reinforcement during fabrication or 
service. 
   Oxide ceramics show better stability than non-oxide ceramics in air or oxygen. It is 
known that the finer the grain size of crystalline ceramics the smaller the flaw size and the 
higher the strength. However, the characteristics of the glassy phase present at the grain 
boundaries in some oxide ceramics largely determines their strength in a high temperature 
environment [9]. 
   As mentioned above, glass is a good option for a composite’s matrix; because its easier 
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densification allows more economical and feasible routes for composite fabrication, e.g. 
relatively low sintering temperature exploiting the viscous flow [2]. In addition, to develop 
“optomechanical” composites’ glasses and glass-ceramics are the matrices of choice 
based on their optical transparency in the visible range. More information about the 
fabrication and properties of GMCs are given in the following section. 
2.4.2 Glass matrices 
   Silicate glasses can be classified in many ways, referring to their compositions, 
structures, properties, manufacturing techniques or applications. In terms of composition, 
the principal forming oxide or oxides they contain are employed to classify glasses (as 
presented in Table 2.3). The glasses commonly used in composites are silicate glasses 
that contain other components for different functions, such as sodium and potassium 
oxides which are used for reducing the melting point. 
   In glass manufacturing, the main raw materials are: 
- Glass formers: the main component is silica, derived from quartz sand.  
- Secondary components: for example opacifiers and colorants, these can give the 
glass secondary or specific functions. 
- Other components: which are added with the aim of enhancing homogeneity and to 
accelerate glass formation reactions, such as cullet, obtained from crushed waste 
glass which is ready for remelting. 
- Fluxes: there are alkaline oxides present an excellent positive influence. Some of 
them can contribute to stability as well, for example CaO, MgO and BaO. However, 
they cannot be used more widely, because they can break the Si-O-Si bonds and 
lead to the creation of non-ligand oxygen atoms. [37]. 
   Glass structure has been explained by several structural theories, although many of 
them are now of historical interest only. One of the most important and popular theories for 
the structure of oxide glasses is the random network theory proposed by Zachariasen [38]. 
In this theory, the atoms in a glass are linked together by the same forces as in crystals. 
Therefore, Zachariasen proposed a structure consisting of an extended 3D network made 
up of well-defined small structural units which are linked together in a random way. The 
structure of vitreous silica (SiO2), as the prototype of a glass, is the simplest of all glass 
structures [39, 40]. The structural unit consists of slightly distorted SiO4 tetrahedra with all 
bridging oxygens (see Figure 2.3 a). These structural units establish a strongly connected 
3D network. The main cause of structure disorder is variations in the bond angles β and 
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the torsion angles (see Figure 2.3 b and c). The typical SiO2 glass network is shown in 
Figure 2.3 d. 
   Glasses can be synthesized in a wide range of chemical compositions. Therefore 
glasses permit the control of the fibre-matrix chemical interaction. In addition, to match the 
CTE of the reinforcing fibres, the CTE of glass matrices can be tailored by changing the 
chemical composition. It is also possible to create silicate glasses with low sintering 
temperature, which should enable the processing of composites at relatively low 
temperature exploiting densification by viscous flow [1].  
 
 
 
Figure 2.3 – Schematic drawing of structure elements in pure silica glass. a) SiO4 
tetrahedron, b) definition of the bond angle β, c) definition of the torsion angle and 
d) SiO2 glass network showing different ring structures [41] 
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Table 2.3 – Typical glasses for technical applications [42] 
Composition (wt. %) Characteristics/Applications 
Glass Type SiO2 Na2O K2O CaO MgO Al2O3 PbO B2O3  
Lead 53-60 5-10 1-10 0-6 - 0 - 2 15-40 - 
High density, 
High index of refraction 
/Optical lenses 
Soda 
Lime 
Silica 
70-75 12-18 0-1 5-14 0-4 0.5-2.5 - - 
Low melting temperature, 
Easily worked, Durable 
/Windows, Lamps 
Borosilicate 73-82 3-10 0.4-1 0-1 - 2 - 3 0-10 5-20 
Thermal stability, 
Chemically resistant 
/Ovenware 
Silica 96.3 <0.2 <0.2 - - <0.4 - <2.9 
Thermally shock, 
Chemically resistant 
/Lab ware 
Fused Silica >99.5 - - - - - - - High melting point 
 
2.4.3 Glass-ceramic matrices 
   Glass ceramics are fabricated from the controlled crystallization of glasses during heat-
treatment. The main difference between conventional polycrystalline ceramics and glass-
ceramics is that the former contains a crystalline structure in the starting powders. In 
glass-ceramic materials, however, crystals grow from a homogeneous glass material, 
aided by the presence of nucleating agents in the glass composition [28, 43].  
   Normally, glass-ceramic products are obtained from the precursor glass articles by 
specific thermal treatments. The main advantages of this process are that it is suitable for 
a wide range of compositions and the obtained crystal types and sizes are controllable. 
Hence, the glass-ceramic material’s physical characteristics can be controlled, and 
advanced applications requiring special properties can be achieved [28]. 
   Due to the physical characteristics of glass-ceramic materials, they combine chemical 
stability and corrosion resistance with high temperature capabilities. Therefore, glass-
ceramics are being widely used commercially in fields such as telescope mirror blanks, 
vacuum tube envelopes and radomes (radar domes) for the aerospace industry. Some 
glass-ceramic composite are also suitable for applications in the biomedical field [9]. 
   Compared with glasses, glass-ceramics exhibit higher mechanical strength and impact 
resistance. Changes of the mechanical properties can be achieved by tailored heat 
treatments which can modify the crystalline structure of the material [43].  
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   Glass-ceramics have also been used as matrices, combined with particle and fibre 
reinforcements to develop composite materials with a higher temperature capability than 
equivalent amorphous GMCs. Glass-ceramic matrix composites mainly reinforced with SiC 
fibres have been suggested for potential applications in components in aero engines and 
in energy conversion systems [28]. 
2.4.4 General properties of glasses 
The relevant properties of glasses which should be considered in relation to the 
development of GMCs will be discussed in this section. Chemical composition apart, the 
other important parameter which influences glass properties is their thermal behaviour. 
The following paragraphs will discuss the main properties of glasses in relation to the glass 
thermal history.  
 
1) Viscosity 
 
The viscosity measures the resistance to sliding between molecules. This property 
can be calculated on the basis of a hypothesis which supposes that the liquid flows 
with linearly rising speed on a horizontal rigid surface as parallel adjacent layers. The 
viscosity can be obtained from the Newtonian fluids equation [37]: 
𝐹 = 𝜇 ∙ 𝐴 ∙ 𝑑𝑑/𝑑𝑑                                            Equation 2.2 
      where:  𝐹 is the force between the layers, 
              𝜇 is the viscosity (in Pa.s), 
              𝐴 is the contact area, 
              𝑑𝑑/𝑑𝑑 is the speed gradient (in the direction x perpendicular to the surface). 
Molten glasses show Newtonian, or close to Newtonian viscous behaviour. Due to 
their high viscosity, at room temperature the flow can be ignored. The material’s 
chemical composition strongly influences viscosity. Glasses with different compositions 
have different viscosity values for each temperature. The graph in Figure 2.4 shows 
the viscosity curves of common glasses versus temperature. 
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Figure 2.4 – Viscosity vs. temperature curves of common glasses [37] 
 
2) Mechanical properties 
 
Normally, glasses are not used as load-bearing structural materials, because of 
their high brittleness. Glasses fail catastrophically due to flaw growth because there is 
no plastic deformation or ductile fracture mechanism.  Flaws are stress intensifiers, 
therefore glasses are stronger in compression due to flaws being closed by 
compression [44]. Glasses exhibit a Hookean response to applied stress. The extent of 
that response depends on the Young’s modulus. The chemical composition, structure 
and surface state of the glasses can influence their Young’s modulus. The precise 
relationship between the Young’s modulus and the composition of the glass is still 
under investigation, so that each glass’s Young’s modulus is specific. SiAlON glasses 
have the highest moduli, around 200 GPa, compared to that of typical silica glasses, 
which is around 70 GPa [44].  
In reality, the practical strengths of glasses are significantly less than the theoretical 
strengths due to the fact that flaws act as stress concentrators, causing local stresses 
to exceed the theoretical stress. The largest surface flaw determines the glass 
strength. Therefore, glass polishing is required to reduce surface flaws [44]. 
Normally, the strength of glass decreases with time, and this is called static fatigue. 
On the other hand, a glass will fail at greater applied stresses, if the stress is rapidly 
36 
 
applied, which is named dynamic fatigue [44].   
 
3) Thermal properties 
 
The most important thermal property of glasses in relation to the manufacture of 
composites is the CTE. The spacing between the structural constituents is enlarged 
with increasing temperature, due to the expanding molecular vibration amplitude, 
resulting in dilatation of the materials. The different chemical compositions of glasses 
lead to different CTE. Moreover the coefficient depends primarily on the thermal 
history. The thermal expansion is normally investigated by dilatometry. Glasses with a 
constant CTE show linear expansion with increasing temperature until the lower glass 
transition interval temperature (Tf)1 is reached (see Figure 2.5) [37]. The ensuring 
expansion behaviour is non-linear up to the higher temperature in the interval (Tf)2, 
which can be treated as the glass transition. After this, the expansion curve becomes 
linear again, and the material will keep expanding until the sample starts to contract, 
where softening starts (Tm). The contraction is the result of the pressure exerted by the 
sample support in the dilatometer (see Figure 2.5) [37]. 
 
 
Figure 2.5 – Schematic diagram showing the volume variation as function of 
temperature variation in glass [37] 
 
The thermal history of glasses determines the CTE in the range (Tf)1 to (Tf)2. This 
effect is illustrated in Figure 2.5. When the glass cools from the liquid phase at a faster 
cooling rate, the obtained solid phase glass will have a larger volume compared with 
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that which cools down at a slow rate. 
The silicate network characteristics can also influence the thermal   expansion. The 
more cohesive network leads to the smaller thermal expansion. For example, a silica 
glass with modifier oxides introduced exhibits an increasing thermal expansion 
because of the discontinuities in the silica tetrahedra network. In this case, the greater 
molar proportion of the oxide addition and the lower field intensity, the higher the 
increase [37]. 
2.4.5 Glass sintering 
   Sintering is a widely used fabrication method in GMCs development. During sintering, 
crystallization in some glass compositions can occur. However, the crystalline particles can 
melt and, depending on the cooling rate, become transparent, when a higher temperature 
is employed.  
Glass particle sintering occurs by viscous flow [45]. Following Frenkel’s equation [37], 
shown below, initially the contraction of the specimen is linear with time at constant 
temperature.  
∆𝐿
𝐿𝑂
= 𝛾∙𝑡
2∙𝑟∙𝜂
                                                    Equation 2.3 
where:   Δ𝐿 𝐿𝑂⁄  is linear contraction during sintering 
              𝛾 is surface tension of the material in N/m2 
              𝑡 is sintering time  
              𝑟 is particle radius 
              𝜂 is viscosity  
Normally, the following factors determine the sinterability of a glass powder: surface 
energy, particle size and viscosity. However, the surface energy is not significantly 
influenced by composition and temperature in silicate systems. Therefore, the predominant 
parameters for sinterability are particle size and viscosity. The sintering time is shorter for 
irregular particles compared to spheres, because irregular particles have sharper radii at 
the points of contact than spheres. The larger the radius, the lower the rate of shrinkage. 
Thus sharper contacts will result in higher rates of shrinkage [46]. 
Generally, low viscosity can lead to high sinterability. However, the sintering part would 
be damaged or deformed by an excessive decrease in viscosity. Using a small particle 
size and homogeneous particle size distribution can avoid this effect. During the initial 
sintering stages while greater rearrangement occurs, irregular particles induce shear 
stresses rather than the normal forces, offered from spherical particles. However, 
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dimensional control of the part is difficult when irregular particles are present, which offer 
shrinkage anisotropy. The other important parameter is the heating rate. A high heating 
rate may lead to a densification delay. It is only employed if the glass powder tends to 
crystallize easily [47].  
In conclusion, understanding the sintering behaviour of the glass can help in optimizing 
the processing parameters and in selecting an efficient thermal treatment for the 
processing of GMCs.  
2.4.6 Stress relief and annealing 
   As a result of thermal gradients developed throughout the glass specimen section 
thicknesses, residual stresses are generated during the cooling phase of composite 
manufacture from the processing temperature to room temperature, and these stresses 
may result in loss of the composites mechanical properties and an increase of brittleness 
[48]. Thus, minimizing residual stresses is important and stress relief is a key task in GMC 
manufacture. The magnitude of residual stresses is determined by the cooling rate, the 
CTE and the thickness of the section involved. Hence, stress relief in GMCs relies on 
employing a slow cooling rate from the processing temperature and on operating a further 
annealing treatment [49].  
   For general purpose glasses, the annealing operation is related to viscous flow, which 
allows the glass to approach a thermal equilibrium state that corresponds to zero stress, 
and the annealing temperature is defined as the temperature at which the viscosity is 
1013.4 poises [50]. Most residual stresses can be removed within 15 minutes of exposure to 
the annealing temperature [48, 51]. The residual stresses act as compressive stresses at 
the middle plane and tensile stresses at the surfaces. At the annealing temperature, 
residual stress release by glass viscous deformation occurs. However, when the 
temperature drops below the strain point, these deformations become permanent and the 
viscosity is too high to allow viscous flow to occur. Therefore, the previously released 
stresses will reappear in reverse at the equilibrium temperature [52, 53].  
   For fibre-reinforced composites, further residual stresses should be considered in the 
manufacturing process. Because of the mismatch between the CTE of the reinforcement 
and matrix, these stresses are generated during cooling from the processing temperature 
and can be evaluated by the following equations [54]: 
𝑆𝑚 = �𝛼𝑓 − 𝛼𝑚�𝐸𝑓𝑉𝑓𝐸𝑚∆𝑇/𝐸𝑐                                Equation 2.4 
𝑆𝑓 = �𝛼𝑚 − 𝛼𝑓�𝐸𝑚𝑉𝑚𝐸𝑓∆𝑇/𝐸𝑐                                 Equation 2.5 
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where: 𝑆𝑚 and 𝑆𝑓 are the residual stress in the matrix and fibre, respectively 
            𝛼𝑚 and 𝛼𝑓 are the CTE of matrix and fibre 
            𝐸𝑚, 𝐸𝑓 and 𝐸𝑐 are the Young’s modulus of matrix, fibre and composite 
            ∆𝑇 is the change in temperature 
   From these equations, it can be shown that the nature of residual stresses developed in 
the matrix and fibres depends on their CTE mismatch [54]. Based on these equations, 
Chawla [9] found out that axial tensile stresses are induced in the matrix when 𝛼𝑓 < 𝛼𝑚, 
which may cause matrix cracking. On the other hand, the axial tensile stresses induced in 
the fibres produce an overall net residual compressive stress in the matrix when 𝛼𝑓 > 𝛼𝑚, 
which is more favourable. Due to fibre contraction, there is a tendency to pull the fibre 
away from the matrix, which facilitates interface debonding, fibre sliding and fibre pull-out. 
Therefore, although the mismatches of thermal expansion are difficult to eliminate, 
optimized residual stresses still can be achieved by selection of fibre and matrix 
constituents which exhibit low difference between 𝛼𝑓 and 𝛼𝑚, where 𝛼𝑓 > 𝛼𝑚 [9].  
2.5 Composite fabrication techniques 
   Because of the constraints imposed by the reinforcement, it is difficult to form a fully 
dense ceramic composite. The associated shrinkage is another important parameter which 
is inhibited in composites, especially in 3D or high reinforcement volume fraction 
composites. In this case, ceramic composite processing is described as “a competition 
between avoiding microstructural and morphological changes in one refractory constituent 
while affecting large changes in another nearly equally refractory constituent” [2]. 
Furthermore, although obtaining a high density composite without residual pores is 
extremely difficult, the residual pores still need to be avoided because uniformly distributed 
and fine closed pores will lead to decreased mechanical properties. 
   The general procedure for fabricating GMCs is shown in Figure 2.6. 
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Figure 2.6 – General procedure for fabricating GMCs  
 
   Because of the viscous flow properties of glass, which are similar to polymer materials, 
the fabricating process for GMCs were developed from the known manufacturing methods 
for polymer matrix composites (PMCs), such as the commonly used tape hot-pressing 
method. This method can accelerate the densification rate by applying simultaneous 
pressure and high temperature. Furthermore, the tape hot-pressing method is one the best 
options to fabricate GMCs with unidirectional, cross-piled or an angle-piled reinforcing fibre 
arrangement.  
    
Figure 2.7 – Schematic of the slurry infiltration process for the manufacture of fibre-
reinforced GMCs [43] 
    
   From the schematic of the tape hot-pressing method, Figure 2.7, it can be seen that the 
fibres are infiltrated by a slurry of glass powder to form glass impregnated fibre tapes. 
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Then these tapes are hot-pressed and the glass precursor fuses into a continuous matrix. 
For consolidating the matrix, pressureless sintering and hot isostatic pressing (HIP) can 
also be employed.  
   This method can be used to fabricate composites with short reinforcements by mixing 
the reinforcements and matrix powder in appropriate proportions and then applying hot-
pressing to form a composite directly or by cold pressing it into a green body for 
pressureless sintering. However, powder processing methods have some drawbacks. 
When using these methods there is a risk of breaking or degrading the reinforcements 
during mixing, especially in short reinforcement processing. In addition, considering the 
distribution of the reinforcements within the matrix volume, the fabricated composites are 
normally opaque, except when the refractive index values of the reinforcement and the 
matrix are similar. Apart from the tape hot-pressing technique, matrix transfer moulding 
and injection moulding techniques have been used for the manufacture of continuous 
fibre-reinforced and short fibre-reinforced GMCs, which are also derived from PMCs 
processing methods [43].  
   Designing the processing method for optomechanical composites becomes more 
complicated due to the requirement to retain the matrix transparency. The most efficient 
method is to arrange reinforcements carefully for retaining free transparent matrix regions, 
where light could be transmitted through the matrix. Hot-pressing and pressureless 
sintering have been mainly used for matrix consolidation [1]. 
   Hot pressing has been used to produce optically transparent GMCs. It has been 
employed in the processing of transparent fibre pre-pregs and composites arranged 
manually between layers of matrix powder or glass plates. Short transparent 
reinforcements dispersed in the matrix have been achieved as well [17]. This technique 
can be used to produce composites with a high densification rate [17]. 
   Alternatively, dense GMCs can be produced effectively by applying pressureless 
sintering above the glass’s softening temperature, which could reduce the viscosity of the 
glass matrix and lead to rapid densification. For example, Boccaccini et al. [6, 18] 
successfully fabricated dense transparent GMCs via a pressureless sintering route. GMCs 
were produced by “sandwiching” the reinforcing fibres between glass slides first, followed 
by pressureless sintering of this “sandwiched” set. Therefore, this process is a proven 
simple and low cost method for producing fibre-reinforced GMCs. However, so far, only 
composites with unidirectional fibres have been investigated by this processing method. 
 
  
42 
 
2.6 Fibre coatings 
   The interface bonding between a fibre and its matrix is one of the most important 
parameters which can influence the properties of CMCs, in particular the fracture 
toughness. For example, a higher fracture toughness can be achieved by introduction of 
relatively weak interface bonding which allows for toughening mechanisms to occur at the 
fibre/matrix interface. On the other hand, strong interface bonding imparts the fibre’s high 
strength and stiffness to the composites. Therefore, optimisation of the bonding strength of 
the fibre/matrix interfaces for a particular application is necessary [10].  
   In this case, incorporation of coatings between the fibre and the matrix can be used to 
control the interface characteristics. The main function of the coatings is to prevent 
chemical reaction between fibre and matrix, which is particularly useful and effective in the 
alumina/silica system, where various intermediate compounds can be formed, such as 
TiO2 and ZrO2, leading to a strong chemical bond between fibre and matrix [9]. A thin 
coating on ceramic fibres can be achieved by using the sol-gel technique, one of the 
common methods developed for coating fibres [18].  
   Briefly, the sol-gel process enables solid materials obtained from polymerized colloidal 
suspensions, which are called “sols” and can be converted into a viscous gel, which is 
subsequently transformed into an inorganic material by calcination at a relatively low 
temperature without melting [47, 55]. In the sol-gel technique, the precursor, which is 
usually a metal or metalloid element surrounded by various ligands, is firstly hydrolysed 
and subsequently condensed, forming a colloidal suspension of oligomers in water or 
alcohol resulting from the condensation. The most commonly used precursors are metal 
alkoxides, which react with water easily. The next step is a condensation process which 
links two partially hydrolysed molecules together and frees small molecules such as water 
or alcohol. This process, forming polymeric chains containing the metal atom, does not 
stop until a continuous polymeric chain is formed, forming a gel which is a continuous 
phase. The bonding (Van der Waals forces) in the particulate gel, formed from a particulate 
sol, is reversible and the particulate can be re-dispersed by shaking. Then, the gel is dried 
under ambient conditions. Thus, an equilibrium ceramic structure can be formed, which 
can be used to obtain a ceramic monolith, fibre, or coating [43, 56].  
   Figure 2.8 shows schematically the route for preparing a powder by sol-gel. 
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Figure 2.8 – Schematic diagram showing a general sol-gel processing route [56] 
 
   The sol-gel technique can be used to synthesise oxide coatings on fibres using simple 
equipment. In addition, this process offers a convenient way to form the ceramic layer on 
the fibre surface by dipping the fibres in the sol and by subsequently heating them using a 
specific thermal treatment [56-58].  
   BN has already been used for coating alumina fibres successfully [59]. However, 
compared with other coating materials, ZrO2 shows higher oxidation resistance and 
excellent chemical stability. Thus, ZrO2 is used much more commonly for coating alumina 
fibres. Synthesis of ZrO2 coatings on alumina fibres by sol-gel processing was achieved by 
Gu et al [58]. In their research, electrostatic attraction was imparted between the fibres and 
the sol which was achieved by introduction of a solution of an ammonium salt of 
polymethacrylic acid. The fibres wettability was enhanced by applying a surfactant [58].  
   Jayaseelan et al [60, 61] reported an improved sol-gel route to fabricate alumina-zirconia 
composites. In addition, some important characteristics were studied, such as the effect of 
the calcination temperature on the sinterability and the crystallization behaviour of the high 
density composites. 
 
2.7 Mechanical properties of brittle matrix composites 
   There are several parameters which influence the mechanical properties of CMCs which 
are described in the following paragraphs, including the proportion and distribution of the 
constituents, the interaction between the constituents, the nature of the interface and level 
of bonding between matrix and reinforcement. The proportion and distribution of matrix 
and reinforcement will determine the processing route and main properties of CMCs, such 
as the density and the degree of mechanical strength and elastic constants [10]. In 
addition, the other parameters, in particular the quality of the interfaces, will strongly 
influence the fracture behaviour and the composite’s toughness [9, 10].  
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   Continuous fibre-reinforced CMCs under flexural loading or compressive loading will 
exhibit mode I (matrix crack), mode II (shear crack) or mixed mode (delamination crack) as 
the failure mechanism and damage behaviour, which are illustrated in Figure 2.9 [62].  
 
.  
Figure 2.9 – Failure mechanisms and damage during flexural loading of  
fibre-reinforced composites [62] 
 
   The mechanisms occurring during crack propagation through the matrix include matrix 
fracture; debonding at the crack tip and crack deflection; debonding in the crack wake and 
crack deflection; frictional sliding between the fibre and the matrix; fibre failure and fibre 
pull-out. The macroscopic failure behaviour and fracture toughness of the composite 
material are determined by the occurrence of such mechanisms which depend on the 
nature of the system [9]. Before the maximum stress value of damage-tolerant CMCs is 
reached, significant non-linearity and steady state cracking could be observed from these 
CMCs. The growth rate of the crack in the matrix depends on the crack length. The crack 
will keep growing until it becomes sufficiently long and is bridged by the fibres. While the 
crack grows continuously at a constant rate, the steady state cracking is then reached. 
Then, there is an equilibrium and cracks appear at some distance from the leading crack. 
Subsequently, the fibres can fully carry the load and the stress intensity becomes 
independent of the crack length [9]. 
   The occurrence of energy dissipating phenomena is the main factor in improving 
mechanical properties of fibre-reinforced CMCs. Typical energy dissipating phenomena 
includes fibre pull-out and crack deflection [9]. While crack deflection leads to closure 
stresses on the crack faces, fibre pull-out results in frictional energy dissipation when the 
reinforced fibres are pulled-out from the matrix [9]. It has been confirmed that the 
occurrence of such mechanisms relies on the interfacial characteristics of the composites 
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[63, 64]. Hence, control of the interface region plays a major role in determining the 
structural behaviour and improvement of fracture toughness in  
fibre-reinforced CMCs [62].  
 
 
Figure 2.10 – Stress-strain curve characteristic of a damage-tolerant CMC under 
uniaxial stress [9] 
 
   Normally, the mechanical behaviour of ceramics is analysed through flexure strength 
tests. Hence, the anisotropic nature of the system must be considered while analysing the 
mechanical behaviour of CMCs. Figure 2.10 shows a typical stress-strain curve for a 
damage-tolerant CMC under uniaxial tensile stresses applied parallel to the fibre direction. 
From this figure, the elastic behaviour at the beginning is observed, followed by the 
appearance of matrix micro-cracking. Then, the fibres take the main load and crack 
bridging occurs until fibre failure is observed. Subsequently, fibre pull-out starts to occur. 
These phenomena result in energy dissipation and prevent catastrophic brittle failure. 
However, if the composites have a strong interfacial bonding between reinforcement and 
matrix, there is no or little energy dissipation during loading [9].   
 
2.7.1 Typical energy dissipating phenomena at the interface 
   General aspects of the fibre/matrix interface, the criteria for occurrence of crack 
deflection and the associated toughening mechanisms will be presented in this section.  
   It has been confirmed through experiments that increased fracture toughness could be 
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achieved by the deflection of matrix cracks leaving the reinforcing fibres intact. The typical 
form of crack deflection is the change of crack propagation direction from perpendicular to 
the fibre to parallel to the fibre axis [64]. Figure 2.11 shows the stress variation from the 
crack tip along its axis, described by Cook et al. [11].  
 
Figure 2.11 – Stress variation from the crack tip along its axis, in tip radii units, σx is 
the stress parallel to the length of the crack and σy the stress precipitating fracture 
[11] 
 
   In addition, the prediction of creating a secondary crack through failure of a weak 
interface which occurs ahead of the crack tip, when the composites are under the effect of 
a maximum stress which is parallel to the length of the crack (σx), has been also made by 
Cook et al. [11]. On the other hand, if a strong interface exists, it fails under the effect of 
the load when σx reaches its maximum. Subsequently, the main crack propagates into the 
interface and debonding occurs [11]. This failure mode is represented in Figure 2.12 a, 
which has been used to explain the failure mechanism in several composite systems [65].   
   The more favourable failure mode occurs when the interface fails under shear stress 
which is on planes at approximately 45º to the crack plane, which can be achieved by 
coating (see Figure 2.12 b). The crack which results from interface failure occurs ahead of 
the matrix crack. The main crack (coating shear crack) then changes its advancing 
direction to parallel to the fibre axis and propagates at or near the fibre surface. 
Meanwhile, the matrix crack keeps propagating until it meets the coating shear cracks, as 
shown in Figure 2.12 b. 
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Figure 2.12 – Crack deflection modes, a) acting on the fibre/matrix interface and b) 
acting on the fibre/coating/matrix interface (after Kerans [64]) 
 
   Kerans [64] investigated that decreasing the coating thickness is an effective way to 
increase the strain-to-failure. Higher strains could be achieved with thinner coating layers, 
because the deflected matrix crack is obtained by decreased intact coating layer 
thickness. However, the strain-to-failure does not increase in some cases, which could be 
explained as the stress concentration induced by coating cracks not being sufficient to 
influence fibre failure significantly[64].  
   There are two energy-based criteria, proposed by Gupta et al. [66] and He & Hutchinson 
[12], respectively.  In Gupta’s criterion [66], the anisotropic nature of fibres is taken into 
account and it is assumed that crack deflection will occur along the interface, which is in 
competition with the direction perpendicular to the fibre. When the inequality below 
(Equation 2.6) is satisfied,  
𝐺𝑑
𝐺𝑝
> 𝐺𝑐𝑐
𝐺𝑐𝑐𝑐
                                              Equation 2.6 
where: 𝐺𝑑/𝐺𝑝  is the energy release ratio of crack growth along the interface to                   
             that perpendicular to the fibre 
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            𝐺𝑐𝑐/𝐺𝑐𝑓𝑡  is the ratio of work of delamination at the interface to the work of  
             fracture across the fibre, 
then crack deflection can occur either in one or two directions, the latter offering a greater 
energy release rate [66].  
   In the criterion proposed by He & Hutchinson [12], the approach is used for predicting 
interface mechanics in composite systems containing materials with different elasticity. The 
elasticity mismatch parameter (𝛼) can be obtained by Equation 2.7:  
𝛼 = 𝐸2′−𝐸1′
𝐸2
′+𝐸1
′                                           Equation 2.7 
where: 𝐸′ = 𝐸
1−𝜐2
 
          𝐸 is the elastic modulus of each material 
            𝜐 is the Poisson’s ratio 
This elasticity mismatch parameter has been used to calculate the energy release rate of 
deflected cracks to penetrating cracks. It has been found that interfacial debonding and 
sliding will occur when the 𝛼 value is from -0.5 to 0.25 and the interface debonding energy 
(Γ𝑐) is less than or equal to a quarter of the fracture energy (Γ2) of the second material or 
fibre in Mode I (see Equation 2.8). 
Γ𝑐 ≤ (1/4)Γ2                                               Equation 2.8 
   Understanding the fibre/matrix debonding sequences and mechanisms is important for 
CMCs. In addition, it must be pointed out that there is no appropriate failure criterion for 
CMCs established until now [64], and there is not enough reliable data available for all 
systems being investigated [63]. 
   Due to the presence of frictional resistance after debonding in many composite systems 
comprising coated fibres as the reinforcement, load transfer between the fibre and the 
matrix is still possible upon debonding.  The formation of frictional resistance is related to 
the matrix shrinkage onto the coating and the coating shrinkage onto the fibre during 
processing. If this frictional resistance is low, fibre breaking away from the matrix crack can 
be observed. Conversely, if this frictional resistance is high, at the area of the fibre with the 
highest stress concentration, breaking occurs. The work against the frictional resistance at 
the interface is obtained when the broken fibre pieces are pulled-out from their cavities 
with continuous straining after fibre fracture. The composite toughness then improves 
significantly during fibre pull-out [63]. 
   In order to facilitate the occurrence of fibre pull-out, the presence of a relatively low 
interfacial strength has been suggested [9]. When the ceramic matrix fails, the prerequisite 
49 
 
conditions of achieving fibre pull-out are: the strength transferred to the fibre must be lower 
than the fibre ultimate strength (𝜎𝑓𝑓 ) and the interfacial shear stress has to be greater than 
the interfacial bonding strength (𝜏𝑐 ) to ensure that the interface fails in shear. Then, when 
the Equation 2.9 is satisfied, fibre pull-out is obtained [9]:  
𝑙𝑐
𝑑
= 𝜎𝑐𝑓
4𝜏𝑐
                                             Equation 2.9 
where: 𝑙𝑐 is the critical embedded length that allows fibre pull-out to occur 
            𝑑 is the fibre diameter (see Figure 2.13) 
 
Figure 2.13 – Fibre being pulled-out from the matrix illustrating the conditions for 
the occurrence of pull-out (after Chawla [9]) 
 
   Although the understanding of composite fracture behaviour is improved by 
micromechanical analyses, the failure criteria for these materials are still not fully proved. 
Furthermore, there are some unresolved problems, such as the effect of properties, 
geometry and statistics of thin interfaces. Therefore, continued investigation and 
comparison of experimental data with theoretical predictions are necessary [64]. 
  
2.7.2 Mechanical properties of GMCs reinforced by oxide fibres 
   To understand the contribution of fibrous reinforcements to the mechanical properties of 
GMCs, studies have been carried out by several research groups, as discussed in section 
2.2. In general, the mechanical properties of GMCs do not show significant improvement 
by introducing uncoated oxide fibres, compared with those of the unreinforced matrix. The 
strong bonding between fibre and matrix limits the development of suitable fracture 
behaviour with pull-out effect [25, 59, 65].  
   Initially, the investigations have focused on carbon-rich layer coated SiC fibres reinforced 
Fibre 
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GMCs, which have shown excellent fracture behaviour [64]. Several further investigations 
on different types of interface in oxide fibre-reinforced composites and their contribution to 
the occurrence of toughening mechanisms have been also carried out [59, 65].  
   Use of a SnO2 layer as an interface material in GMCs has been investigated by different 
researchers. In the early investigations on SnO2 interfaces, favourable secondary cracking 
was shown to occur during testing of the flexural behaviour on a laminate composite, 
formed by a SnO2 interfacial layer introduced between a borosilicate glass plate and α-
Al2O3 plate. Based on the approach investigated by Cook et al. [11] (see section 6.2), this 
result indicates that introducing a SnO2 layer into an alumina/borosilicate glass system has 
the potential to form a weak interface [65]. Further investigation on borosilicate glass 
composites reinforced by SnO2-coated Al2O3 fibres showed improved flexural strength 
compared with that of the uncoated Al2O3 fibre-reinforced composite. However, no 
enhancement of toughness was observed [65]. In addition, the SnO2 coating deposited on 
Al2O3-ZrO2 (PRD-166) and sapphire fibres was seen to facilitate fibre pull-out, especially 
on the smoother sapphire fibres, due to the formation of a weak interfacial bond [67].  
   The mechanical property results of PRD-166 fibre-reinforced borosilicate glass 
composites and NextelTM 480 fibre-reinforced borosilicate glass composites have 
confirmed that the higher the fibre content, the higher the GMC Young’s modulus [68]. It 
also has been found that the composites’ stiffness and elastic properties in both systems 
did not seem affected by the presence of the SnO2 interfaces. Furthermore, due to a 
higher level of fibre misorientation of coated fibres compared to uncoated fibres, 
incorporating SnO2-fibre coatings into the composites did not improve their shear modulus 
[68]. However, introducing NextelTM 440 alumina fibre into borosilicate glass could improve 
the composite’s flexural strength and fracture toughness [31]. A further improvement of the 
3-point bend strength and fracture toughness has been achieved by incorporating a BN-
fibre coating into the composite, which is accompanied by “quasi-ductile” behaviour.  
   Boccaccini et al. [18] investigated soda-lime silicate glass matrix optomechanical 
composites reinforced by different types of fibres, such as NextelTM 440 fibre, basalt fibre 
and Vetrotex® glass fibres [18]. They found that fibre pull-out could be achieved by 
introducing a TiO2-fibre coating in NextelTM 440 fibre-reinforced composites. In addition, 
increased bend strength and favourable failure behaviour, i.e. fibre pull-out, was obtained 
in basalt fibre-reinforced composites with a TiO2 interface, although the composites were 
not transparent due to the relatively high level (~15 vol%) of fibre content.  
   Dericioglu & Kagawa [19] investigated borosilicate matrix composites reinforced by an 
Al2O3 fibre/ZrO2 mini-composite, which was a composite acting as a reinforcement in 
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another composite system. A favourable load-bearing behaviour was obtained, and 
fracture strength increased with increasing fibre content. Fibre pull-out was observed in the 
mini-composite due to the weak interfaces between the alumina fibres and the ZrO2 
matrix, which enhanced the composite toughness, although a strong bonding might be 
formed between the glass matrix and ZrO2 layer.        
   The mismatch of matrix and reinforcement thermal expansions, which could influence 
the stress-strain behaviour of GMCs, is another important parameter that needs be 
controlled. This has been investigated by Hulsenberg et al. [23] who found that when the 
matrix and fibre had similar CTEs, increased composite’s strength could be obtained due 
to the slight clamping of the fibre formed. However, this effect limits fibre pull-out due to a 
restricted stress range. On the other hand, when the fibre had a greater CTE than that of 
the matrix, a significant improvement in damage tolerance was achieved. In addition, weak 
interfaces were obtained by introducing a BN/TiO2 layer into the composite, which 
consequently facilitates the occurrence of fibre pull-out due to preventing BN from reacting 
with the fibre or matrix by the presence of the TiO2 layer.  
   Desimone et al. [25] investigated soda-lime silicate glass or borosilicate glass 
composites reinforced by unidirectional continuous oxide fibres, e.g. NextelTM alumina fibre 
and sapphire fibre coated by ZrO2. The ZrO2 fibre coating was introduced into the 
composites to generate weaker interfaces which could facilitate the occurrence of 
toughening mechanisms.  
   Some other groups have also investigated GMCs for optomechanical applications. Table 
2.4 summarises previous work on optomechanical composites containing oxide fibres, 
which are relevant to the present work. The main relevant properties are shown in this 
table including fibre volume fraction, light transmittance, flexural strength and fracture 
toughness. Although property values presented in Table 2.4 were measured using different 
techniques, they can be used for comparison with those measured experimentally in this 
project. The detailed experimental procedures will be described in section 7.4. 
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Table 2.4 – Optomechanical properties of oxide fibre reinforced GMCs  
according to the literature 
Author Year Vol.% Transmittance (%) 
Flexural 
strength 
(MPa) 
KIC 
(MPa m1/2) 
Desimone et al. [25] 2010 0.23 - 0.98 77 40 - 72 0.62 - 0.84 
Hulsenberg et al. 
[23] 2008 8 - 35 - 40 - 350* up to 6 
Raab et al. [31] 2006 5 - 12 - 51 - 91* 0.9 - 3.3 
Bernardo et al. [22] 2006 5 - 71 - 90 ** - 
Boccaccini et al. [6] 2005 5 18 - 75 - - 
Dericioglu & 
Kagawa [19] 2003 3 - 7 50 - 90 69 - 81* 0.95 
Boccaccini et al. 
[18] 2003 10 47 - 54 - - 
Dericioglu & 
Kagawa [5] 2002 
0.19 - 
0.75 52 - - 
Iba et al. [16] 1999 3 - 10 25 - - 
Iba [15] 1996 5 - 7 10 - 40 - - 
Vaidya et al. [59] 1992 28 - 64 - 86* 0.94 - 2.12 
          * 3-point bending 
         ** 4-point bending 
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2.8 Conclusions 
   According to the literature reviewed, optomechanical composites are revealed as a 
convenient class of inorganic composite materials for several applications and represent a 
relatively unexplored field of research. 
   A number of different glass compositions can be investigated to be used as matrices in 
GMCs. Due to the ease of manipulating and arranging them in composites, long fibres are 
the most suitable form of reinforcement. Introducing high modulus fibres into brittle glass 
matrices can lead to advantageous toughening and strengthening mechanisms. The key 
for achieving the expected mechanical properties improvements is the optimisation of 
fibre/matrix interfaces to obtain the desired interface properties.  
   Optomechanical composites processing methods must be developed which do not 
degrade the mechanical property of the fibres and that maintain the optical transparency of 
the glass matrix.  
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3 Aims and objectives 
   The motivation for this research project originated from the lack of current research and 
development work related to optomechanical composites in inorganic transparent 
composite materials, especially exploiting the transparency of glass matrices. An aim of 
the present work has been to develop a new family of optomechanical GMCs. The main 
tasks were I) investigation of the fabrication processes of novel GMCs and II) 
characterization of the optomechanical properties of the new GMC systems. Based on an 
analysis of the literature [4, 25], NextelTM 610 alumina fibre and borosilicate glass were 
selected as reinforcement and matrix, respectively. The composite fabrication route was 
developed to achieve a defined composite microstructure for the first time including the 
arrangement of fibres in different orientations. 
   The objectives in this work were achieved by carrying out the following tasks: 
i) Investigation of the fibres employed (Chapter 4) 
   The untwisted bundle of NextelTM 610 alumina fibre (i.e. fibre roving), which was 
selected as reinforcement in the present composites, was characterised. The main 
physical characteristics and microstructure of fibres were examined before and after 
composite processing. To select the most suitable processing conditions (thermal 
treatment) for minimal fibre damage, thermal analysis of the fibres was carried out and 
the fibre mechanical properties were measured. 
 
ii) Optimisation of the fabrication process (Chapter 5) 
   A novel and relatively simple manufacturing process was optimised to obtain the 
composite system combining NextelTM 610 fibres and borosilicate glass. A pressureless 
thermal treatment was employed to fabricate “sandwich-structure composites”. 
Variations of temperature and time were investigated to optimise the technique for 
consolidating the composites. Achievement of minimal transparency loss and avoidance 
of composite shape change were the main objectives in this part of the study. 
Microscopy was employed to assess the composite microstructure and the quality of the 
bonding at the interfaces. When the optimal fabrication process was determined, a 
series of composites was fabricated in different systems and configurations for further 
characterisation. 
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iii) Optimisation of the fibre coating process to improve the quality of the deposited 
interfacial layer (Chapter 6) 
   To obtain a suitable fibre/matrix interface for enhanced fracture toughness in GMCs, 
an interfacial oxide layer must be deposited on the fibre before the fibre is incorporated 
into the matrix. In this project, a novel hybrid sol-gel dip-coating process was employed 
to obtain ZrO2 coated fibres. This process leads to formation of “mini-composites” (e.g. 
ZrO2 matrix incorporating NextelTM fibres). These mini-composites were used as 
reinforcement in the optomechanical composites. Thermal behaviour, sintering process 
and microstructure of the coatings were investigated, and the connection between 
processing parameters and coating characteristics was studied in order to develop 
optimal interfacial ZrO2 layers. 
 
iv)  Measurement of optomechanical properties (i.e. optical and mechanical 
properties) and characterization of composite interfaces (Chapter 1) 
   The optical transparency and mechanical properties of the composites were 
investigated to evaluate the optomechanical characteristics, with special focus on the 
developed ZrO2 coated fibre (mini-composite) reinforced GMCs. Interfaces were 
characterised in selected composites and the correlation between interface 
characteristics and composite properties was discussed.  
 
   Figure 3.1 shows a schematic outline of the different tasks and the experimental 
approaches of the project and their interconnection, summarizing all the stages described 
above.  
56 
 
 
Figure 3.1 – Schematic diagram of the tasks and the experimental approaches of the 
project and their interconnection 
 
   The details of these investigations are presented in the following chapters (chapters 4-7). 
Each of these chapters includes the specific literature, the methodology employed 
(experimental techniques used in each case), the results obtained and discussion. General 
conclusions and recommendations for future work in this field are given at the end of the 
thesis (Chapter 8).   
(flexural strength,  
fracture toughness) 
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4 Fibres characterisation and results 
4.1 Introduction 
   Based on the literature review (Section 2.3), NextelTM 610 alumina fibres were selected 
for this project as reinforcement for optomechanical GMCs. A complete fibre 
characterization was performed to evaluate key properties of the fibres, such as physical 
and mechanical properties and microstructure. The results of the fibre characterisation 
were relevant in assessing the processability of the fibre during composite manufacture. 
The present chapter describes the fibres and the results of their microstructural and 
mechanical properties characterisation.  
 
4.2 NextelTM fibre: general description 
   NextelTM fibres (Ceramic Textiles & Composites Europe, 3M Deutschland GmbH, Neuss, 
Germany) are a popular series of continuous oxide fibres, which have been widely used in 
oxide-oxide composites [2]. NextelTM continuous filament ceramic oxide fibres meet 
different demanding performance requirements, such as ability to operate in high 
temperature environments, low elongation and shrinkage at high temperature, suitable 
chemical resistance, low thermal conductivity, thermal shock resistance, low porosity and 
unique electrical properties. These fibres are produced in fabrics, rovings, yarns, tapes, 
sleevings and sewing threads [69]. 
   NextelTM fibre type “610” is a composite grade fibre, which has been designed as a 
reinforcement for load-bearing composites, such as metal, polymer and ceramic matrix 
composites. This fibre exhibits a fine grained single-phase composition of α-Al2O3 and it 
does not contain any residual glassy phase. Although it has the (relatively) highest 
strength in the 3M NextelTM fibre series at room temperature, its single phased structure 
leads to grain growth after extended exposure at high temperatures, which rapidly 
decreases the fibre strength [69]. The chemical composition and relevant properties of 
NextelTM 610 fibre used in this project are shown in Table 4.1[70]. 
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Table 4.1 – Chemical composition and properties of NextelTM 610 fibre [70] 
Property Units NextelTM 610 
Chemical Composition wt. % > 99 % Al2O3 
Crystalline phase  α-Al2O3 
Crystal size nm < 500 
Filament diameter μm 10-12 
Normal filament count  400 
Density g/cm3 3.9 
Linear density (tex) 
/nominal filament count 
g/1000m 167/400 
Surface area m2/g < 0.2 
Filament tensile strength 
(25.4 mm gauge) 
MPa 3100 
Filament tensile modulus GPa 380 
Melting point ºC 2000 
Coefficient of Thermal Expansion 
(100-1100 ºC) 
ppm/ºC 8.0 
Refractive index  1.74 
Fibre roving weight loss 
(exposure 15 hours at 1200 ºC) 
% 0 
Fibre roving shrinkage 
(exposure 15 hours up to 1300 ºC) 
% <0.9 
 
 
   3M [70] investigated the fibre strength retention at high temperatures, and proved that 
the fibre could be load bearing at temperatures as high as 1200 ºC in CMCs. Figure 4.1 
shows the curve of % strength retention of NextelTM 610 fibre roving as a function of test 
temperature. The fibre was heat cleaned (HC) at 500 °C which presents the 100% strength 
bar. The strength of the fibre started to decrease at 800 °C. The fibre showed a slight 
decrease in strength between 800 °C and 1200 °C, which was around 10% of the 
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maximum. Higher temperatures above 1200 °C lead to a significant drop of fibre strength.  
 
Figure 4.1 – Percentage of strength retention of NextelTM 610 fibre roving as function 
of test temperature (Samples were held at temperature for approximately 1.5 
minutes before testing) [70] 
 
   The properties of a single fibre filament after extended exposure at high temperature 
were also determined by the manufacturer [70]. Figure 4.2 shows the strength of a 
NextelTM 610 single fibre filament after 1000 hour exposure at different temperatures 
regarding decreasing strength with increasing temperature. The reason for this property 
degradation could be explained by the grain size growth, shown in Figure 4.3 [70]. The 
fibre exhibited significant growth of grain size at temperatures above 1000 ºC. With 
increasing exposure temperature, the fracture mechanism changed from intergranular to 
transgranular with increasing grain size [71].  
   These fibre properties data were provided by the manufacturer, and it thus cannot be 
relied upon. Therefore, the key properties of the fibre, which were relevant to this research, 
were measured and compared with manufacturer data in the following sections. 
 
RT 
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Figure 4.2 – Strength of NextelTM 610 single fibre filament after 1000 hour exposure 
at the given temperatures [70] 
 
 
Figure 4.3 – Grain size of NextelTM 610 single fibre filament after 1000 hour exposure 
at the given temperatures, grain size determined by X-ray diffraction [70] 
 
   As-received NextelTM 610 fibre contains an organic sizing, a protective polymeric layer, 
which is able to provide lubricity and binding action to protect the fibres and assist in 
handling. A heat cleaning (de-sizing) process is suggested by the manufacturer to de-size 
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the fibres, and for removal of the organic sizing. This heat cleaning process must be 
carried out before manipulating the fibres for composite manufacture [70].  
   In this project, fibre rovings were selected because they are the simplest form that 
enables the arrangement of the fibres in different orientations during composite fabrication, 
which in the present work (laboratory experiments) is carried out manually (see Chapter 
5). Additionally, untwisted fibre rovings were employed as the most suitable reinforcement 
to eliminate the complexities that could occur when processing composites with different 
fibre orientations applied in this project, as detailed in Chapter 5. 
 
4.3 Fibre characterisation: experimental methods 
4.3.1 Heat-cleaning process and thermal treatment of fibres 
   As mentioned above, an organic layer (sizing) is deposited on the NextelTM 610 fibre 
surface, to provide lubricity, to facilitate handling of fibres and to ensure surface integrity. A 
thermal heat-cleaning process to remove this polymeric sizing is required before using the 
fibre to fabricate composites. The suggested route for de-sizing NextelTM 610 fibres 
comprises exposure of the fibre at 700 ºC for 5 minutes and then cooling to room 
temperature.  
   In the present research, the NextelTM 610 fibres were placed as reinforcement in the 
sandwich-like composites (see Chapter 5) and were heated up with the matrix together to 
consolidate the composite. The thermal treatment comprised heating to 1000 ºC at a rate 
of 5 ºC/minute, and holding for 30 minutes. The composite fabrication route will be 
described in detail in Chapter 5.  
   In this case, two types of fibres, i.e. de-sized and thermally-treated fibres, were 
investigated, to find out if there were any physical, chemical, micro-structural or 
mechanical effects of the thermal treatment process on the overall properties of the 
composites.  
 
4.3.2 Fibre physical properties 
   The physical properties of the reinforcements are the key information required to 
evaluate composite properties and performance. In this project, the linear density, fibre 
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diameter and surface roughness were analysed for de-sized and thermally-treated fibres.  
   Based on British Standard EN 1007-2:2002 [72], the linear density of the fibres was 
calculated by the weight to length ratio, shown in Equation 4.1. Twenty samples of each 
fibre type were measured and the results were averaged. 
𝑡 = 𝑚
𝐿
∙ 103                                                 Equation 4.1 
where: 𝑡 is the linear density in tex (g/1000m) 
           𝑚 is the specimen mass in grams (g) 
           𝐿 is the specimen length in metres (m) 
   A Kyowa ME-WX2 light microscope (LM) was employed to observe the cross sections of 
the fibre bundles and to measure the individual fibre filament diameter, which was 
supported by the light microscope image software, Moticam Image 2.0. Based on the 
number of pixels in the employed circular area corresponding to the individual filaments, 
the software measures the diameter of the fibre, which was used to calculate the area of 
these filaments.  
   A ZYGO NewView 5000 white light interferometer was employed to measure the fibre 
surface structure and roughness. The microscope image software MetroPro was used to 
measure the surface structure. A 50 x objective and 2.0 x image zoom were used for these 
measurements. The fibre surface conditions were detected by the microscope and 
analysed by the software to obtain the surface waviness and roughness. Measurement of 
small areas is an effective method to avoid the influence from the shape of fibre bundles, 
which is also known as waviness. In addition, some fibres’ surface features cannot be 
measured, because some deep gaps on the surface exceed the ZYGO’s measuring 
capability and the ZYGO is unable to collect enough data for analysis. Hence the surface 
roughness parameters (Ra and rms) were measured in gauge length or gauge area made 
along the fibre length.  
    
4.3.3 Thermal analysis 
   To detect possible mass loss or physical changes of NextelTM 610 fibre upon thermal 
treatment, thermogravimetric analysis (TGA) was carried out using a Netzsch Jupiter STA 
449C Thermal Balance. Around 20 mg of fibre bundle sample were placed in a platinum 
crucible and heated to 1000 ºC, at 10 ºC/minute. The mass loss with temperature during 
the thermal treatment was recorded. TGA was also employed to determine whether or not 
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the de-sizing process had removed the protective polymeric sizing. 
 
4.3.4 Microstructural analysis 
X-ray diffraction (XRD) analysis was carried out on a PANalytical X’Pert PRO MPD (The 
Netherlands). The crystalline phases in the fibres were determined by XRD, in order to 
confirm whether any changes in the microstructure (crystalline structure) of the fibres have 
occurred during the heat-cleaning treatment. The reinforcing fibres in three different 
conditions, i.e. as-received, de-sized and thermal-treated, were investigated in the 2θ 
range from 10° to 90º, with a 0.04° step size and 1s per step. The resulting diffraction 
patterns were identified based on the Joint Committee on Powder Diffraction Data 
database, from the International Centre for Diffraction Data. 
A LEO field emission gun scanning electron microscope (FEG-SEM), equipped with an 
energy-dispersive X-ray spectrometer (EDS) was employed to analyse the microstructure 
of fibres. The analysis was carried out both on the surface of the fibres and on cross-
sections. Cold epoxy resin mounting was used to prepare the cross-sectional samples, 
which were grinded with SiC paper (grit 320 to 2400) and polished with a diamond 
suspension of up to 3 µm grain size. All test samples were deposited with a gold coating 
layer on the surface for microstructural analysis by SEM. 
EDS elemental quantification was employed for the accurate analysis of composition. 
The values measured were compared to the elemental composition of the fibres, which 
was calculated from the nominal composition given in weight % for each compound 
present.  
 
4.3.5 Mechanical properties  
   The fibre tensile strength was measured on a Zwick Roell Z010 testing machine with 
testXpert II software. This test was used to assess the possible effects of the thermal 
process on the fibre mechanical properties. De-sized and thermally-treated NextelTM 610 
fibres were tested in accordance with the standards BS EN 1007-5:2010 and 1007-4:2004 
[73, 74]. A paper tab with a window in the centre was used to hold the specimen during the 
testing, as shown in Figure 4.4 [74]. 
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Figure 4.4 – Schematic diagram showing the specimen fixture for the fibre tensile 
strength test [74] 
 
   To avoid slippage during tensile loading, the testing fibre bundle specimen was fixed 
between the paper tabs by liquid cyanoacrylate glue, which was able to infiltrate into the 
fibre bundle and stick all filaments together and to the paper. Specimens with 25 mm 
gauge length, L1, were tested to establish the force-displacement curves and also to 
measure the load train compliance (C1) which was combined with the results of the 
specimens with 10 mm and 50 mm gauge length. Based on the recommendation of the 
standard, test loading was carried out at the rate of 1 mm/min.  
   Equation 4.2 was used to calculate the tensile strength from the measured rupture load 
and the initial bundle area obtained from the ratio of the fibre bundle linear density (in 
g/mm) to bulk density (in g/mm3), which were measured as explained in section 4.3.2 [74]. 
It was assumed that the initial bundle area of thermal-treated fibres was the same as that 
of as-received fibres.  
  The tensile strength of the fibre bundle is given by the following equation: 
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𝜎𝑟𝑓𝑝 = 𝐹𝑟𝑓𝑝𝐴0                                                 Equation 4.2 
where: 𝜎𝑟𝑓𝑝 is the tensile strength of fibre bundle 
           𝐹𝑟𝑓𝑝 is the rupture load 
           𝐴0 is the initial bundle area 
   The strength of GMCs is critically dependent on not only the mean value of fibre strength 
but also on the strength distribution [75]. Thus, the Weibull statistical distribution of the 
tensile strength of the fibre bundles was determined, in order to obtain a comprehensive 
understanding of the statistical nature of the fibre mechanical properties [76]. The same 
method and gauge lengths for all samples tested were used for achieving comparative 
results. Equation 4.3 was applied to calculate the cumulative probability distribution of the 
tensile strength values [76]: 
𝑃𝑐 ≈
𝑛𝑐(𝑛+1)                                                   Equation 4.3 
where: 𝑃𝑐 is the failure probability at stress 𝜎𝑐 
            𝑛𝑐 is the number of fibre bundles that failed at or below stress 𝜎𝑐 
            𝑛 is the total number of fibre bundles measured. 
   Due to the same gauge length applied, the Weibull probability equation can be 
expressed as Equation 4.4 [75]: 
𝑃 = 1 − exp �− � 𝜎
𝜎0
�
𝑚
�                                   Equation 4.4 
where:  𝑃 is the probability of failure at each stress (𝜎) 
             𝜎0 is the Weibull characteristic stress at a probability of failure of 0.632  
             𝑚 is the Weibull modulus 
   By rearranging and taking the natural logarithm of both sides of the equation, the linear 
equation 𝑦 = 𝑚𝑑 − 𝐵 was obtained from the best fit line on the  ln[ln(1 − 𝑃)] versus ln𝜎 
curve, where 𝑦 = ln[ln(1 − 𝑃)],  𝑑 = ln𝜎, and  𝑚 is the slope of the curve [77]. Equation 
4.5 was used to obtain the average strength [73]: 
𝜎� = 𝜎0Γ �1𝑚 + 1�                                            Equation 4.5 
where: 𝜎� is the average strength 
            Γ is the Γ function [73] 
   The effects of the thermal process on the mechanical properties of fibres were 
determined by comparing all these parameters.  
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4.4 Results and discussion 
4.4.1 Fibre physical properties 
   The measured linear density and diameter of NextelTM 610 fibres treated under different 
conditions, i.e. de-sized and thermal-treated fibres, are shown in Table 4.2. The measured 
values of the two types of fibres are consistent with the nominal value supplied by the 
manufacturer (167 g/1000m) which indicates that the fibres after the de-sizing or thermal 
treatment processes, are maintained within their original bundles. The filament diameters 
reveal there were no significant changes in fibre diameter after the de-sizing process or 
thermal treatment process compared with the nominal values.  
Table 4.2 – Linear density and diameter of de-sized and thermal-treated NextelTM 610 
fibres, and these from manufacturer data 
 De-sized Thermal-treated 
Manufacturer 
data 
Linear density 
(g/1000m) 
148 ± 10 151 ± 8 167 
Diameter 
(µm) 
11.9 ± 0.8 12.2 ± 0.7 10 - 12 
 
   The average roughness (Ra) and the root-mean-square deviation (rms) of the fibre 
surface, which was determined for all points from a plane fit to the test part surface, were 
measured to assess the fibre surface condition, which is highly relevant to the properties of 
the matrix/fibre interfaces.   
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Table 4.3 shows the measured surface roughness of NextelTM 610 fibres. It can be 
observed that after the de-sizing and thermal treatment processes, the two fibre surface 
conditions were maintained at similar levels. The SEM image gives more details about the 
surface condition of these fibres, as shown in section 4.4.3. 
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Table 4.3 – Surface roughness of NextelTM 610 fibre 
Surface roughness De-sized Thermal-treated 
25 µm 
gauge length 
along fibre direction 
Ra 
(µm) 
0.18 ± 0.03 0.17 ± 0.05 
rms 
(µm) 
0.21 ± 0.04 0.22 ± 0.03 
25 × 3 µm2 
gauge area 
along fibre direction 
Ra 
(µm) 
0.12 ± 0.05 0.11 ± 0.06 
rms 
(µm) 
0.14 ± 0.07 0.14 ± 0.05 
 
4.4.2 Thermal analysis 
   Thermogravimetric analysis (TGA) on as-received NextelTM 610 fibres (Figure 4.5) 
revealed that the weight of the sample was stabilized at around 500 ºC, due to removal of 
the protective polymeric layer by that temperature. A de-sizing thermal process at 700 ºC 
for 5 minutes is recommended by the fibre manufacturer for cleaning the fibres before use 
[70], although the removal of fibre sizing is completed at 500 ºC as indicated by TGA 
analysis. According to the TGA results, the suggested  
de-sizing process (section 4.3.1) was employed in this project for the preparation of 
NextelTM 610 fibres for composite fabrication. 
 
Figure 4.5 – TGA analysis of as-received NextelTM 610 fibres 
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4.4.3 Microstructural analysis 
   XRD of de-sized, as-received and thermally-treated NextelTM fibres are shown in Figure 
4.6. The peaks observed correspond to α-Al2O3 (Corundum, JCPDS/ICDD Powder 
Diffraction File (PDF) number 46-1212). No changes in the crystalline phase of the fibres 
occurred during the de-sizing process or thermal-treatment process, the phase is the same 
as in the as-received fibre, corundum.  
 
Figure 4.6 – XRD results of a) as-received, b) de-sized and c) thermally-treated 
NextelTM 610 fibre 
 
   Figure 4.7 shows SEM images of the as-received, de-sized and thermally-treated fibres. 
No significant change in the fibre aspect and morphology is deflected after the de-sizing or 
thermal-treatment processes as expected. The polymeric sizing on the as-received fibre 
was completely removed after applying the de-sizing process at 700 ºC. In addition, 
qualitatively smoother surfaces were observed on de-sized and thermally-treated fibres 
compared to the as-received fibres. 
 
a) 
b) 
c) 
Position [º2Theta] (Copper (Cu)) 
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Figure 4.7 – SEM images of (a) as-received, (b) de-sized and (c) thermally-treated 
fibres 
 
   Figure 4.8 shows SEM images of fibre cross-sections and EDS analysed from as-
received, de-sized and thermally-treated NextelTM 610 fibres, which were mounted in resin. 
From the fibre cross-section SEM images, it can be seen that there are no significant 
changes of fibre geometry after de-sizing and thermal-treatment processes. The EDS 
spectra show the presence of aluminium and oxygen. Due to the gold coating applied, Au 
was also detected in the EDS spectra. 
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Figure 4.8 – SEM images of fibre cross-sections and EDS results of (a) as-received 
fibre, (b) de-sized fibre and (c) thermally-treated NextelTM 610 fibres 
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4.4.4 Fibre mechanical properties 
   The fibre tensile testing (Table 4.4) reveals that the de-sized and thermally-treated fibres 
have, on average, similar values of tensile strength. They are slightly lower than the 
average tensile strength values of as-received fibres. The reason for this result could be 
the loss of filaments during the de-sizing and thermal-treatment, e.g. it is not a significant 
degradation of the fibre strength 
Table 4.4 – Fibre tensile strength testing results of as-received, de-sized and 
thermal-treated NextelTM 610 fibres 
 As-received De-sized Thermal-treated 
Average tensile 
strength, 𝜎� (MPa) 
1264 1204 1168 
Weibull modulus  
(m) 
3.9 3.8 3.8 
Weibull characteristic 
strength, 𝜎0 (MPa) 
1414 1348 1307 
 
   Figure 4.9 shows the probability plot of tensile strength values of as-received, de-sized 
and thermally-treated NextelTM 610 fibres and reveals no significant strength loss for the 
average tensile strength of de-sized and thermally-treated fibres. In addition, the strength 
distributions of the three types of fibres are similar.  
   Figure 4.10 shows the Weibull plot of the tensile strength of as-received, de-sized and 
thermally-treated NextelTM 610 fibres. All three types of fibre exhibit similar Weibull moduli 
(see Table 4.4), which are comparable to the values measured by other research groups, 
e.g. in the range 3.7-3.9 [78]. Thus, it can be seen that applying a de-sizing or thermal-
treatment process on NextelTM 610 fibres, under the conditions of the present study, does 
not change the fibre’s mechanical properties.  
   Therefore, there is confidence in retaining the structural properties and the reinforcing 
effect of the fibres in the present GMCs fabricated by the optimised heat-treatment. 
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Figure 4.9 – Plot of cumulative fracture probability against fibre tensile strength of 
as-received, de-sized and thermal-treated NextelTM 610 fibres 
 
 
Figure 4.10 – Weibull plot of the tensile strength of as-received, de-sized and 
thermal-treated NextelTM 610 fibres 
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4.5 Conclusions 
   The results of the physical and microstructural characterization and of the mechanical 
tests presented in this chapter confirmed that NextelTM 610 fibre is a suitable reinforcement 
material for GMCs. The test results also indicate that the suggested fibre de-sizing route 
for fibre conditioning prior to incorporation into the composites is effective and does not 
change the fibre’s key properties. The thermal-treatment route suggested for composite 
fabrication (see Chapter 5) did not impair the fibre’s properties or change the crystalline 
structure of the fibres.  
   Considering the results described above, several model composites were thus fabricated 
with NextelTM 610 fibres, in order to assess their performance during the fabrication 
process. The development of the fabrication technique and the evaluation of the model 
composites produced will be described in the following chapter. 
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5 Composite manufacture optimization and results 
5.1 Introduction 
   Based on the research on reinforcing fibres shown in chapter 4, a pressureless 
manufacturing process was investigated for producing transparent GMCs. To obtain 
optimal mechanical and optical properties of GMCs, various thermal treatments were 
investigated, and the results are reported and discussed in this section. GMCs with 
different fibre orientations were developed in this work. The present chapter is organized in 
the following manner.  
   A brief review of the properties and processing of glasses is presented first, as the 
theoretical basis for optimizing the thermal treatment for the manufacture of GMCs. This 
chapter also includes the description and properties of the glass matrix used, the 
experimental methods employed for manufacturing composites and the results obtained. 
Finally, the conclusions and implications are presented. 
 
5.2 Borosilicate glass matrix 
   Borosilicate glass was invented in the late 19th century [79]. The manufacturing process 
of borosilicate glass was refined by the late 1900s. The main difference between 
conventional soda-lime silicate glass and borosilicate glass is that borosilicate glass is 
stronger, more durable and more temperature resistant because it has a lower thermal 
expansion coefficient (around 3.25 × 10-6 K-1 [79]); giving it a range of potential 
applications. The main glass-forming constituents of borosilicate glass are silica and boron 
oxide. Boron oxide, at least 5 wt. % in borosilicate glass compositions, can enhance the 
glass resistance to extremely high temperatures and can improve the chemical corrosion 
resistance. Due to these better properties, borosilicate glasses are suitable for use in 
chemical laboratory equipment, cookware, lighting, and windows. This glass has been also 
used as the matrix in a variety of SiC and carbon fibre-reinforced composites [6].  
   Pyrex®-type glasses have a relatively high SiO2 content, and show a compromise 
between maximum chemical resistance and minimum expansivity which is achieved by 
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adding Al2O3 [50]. Borofloat® 33, a type of Pyrex®-type borosilicate glasses supplied by 
Schott Nexterion®, Germany, in the form of microscope slides, is the material chosen for 
this project. It has high transparency, thermal shock resistance and chemical stability [79]. 
Particular, the favourable low CTE of Borofloat® 33 can facilitate the development of 
compressive thermal stresses in the matrix after processing, if a reinforcement with higher 
CTE is used, e.g. alumina fibres [52]. Hence, slides of this type of borosilicate glass of 
dimensions: 76mm × 25mm × 1mm and 76mm × 25mm × 2mm, were used as the glass 
matrix in this study. The chemical composition and relevant properties of Borofloat 33 
glass are shown in Figure 5.1 and Table 5.1 [79].  
 
 
Figure 5.1 – Chemical composition of Borofloat® 33 glass, in wt. % [79] 
 
Table 5.1 – Properties of Borofloat® 33 glass [79] 
Property Unit Borofloat® 33 
Density g/cm3 2.2 
Young’s Modulus GPa 64 
Bending Strength MPa 25 
Coefficient of Thermal  
Expansion (20-300°C) 
x 10-6 K-1 3.25 
Working Point °C 1270 
Softening Point °C 820 
Annealing Temperature °C 560 
Transformation Temperature(Tg) °C 525 
Refractive Index  1.47 
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5.3 Composite fabrication 
   Optomechanical fibre-reinforced GMCs are typically fabricated by the “sandwich” hot 
pressing technique [5]. This method involves arranging the reinforcing fibres between 
glass slides and subjecting the sandwich structure to a thermal treatment, as shown 
schematically in Figure 5.2. In a typical experiment, the material is heated to an 
intermediate temperature (such as 500 °C) to burn out organic impurities. The temperature 
is then increased to a value exceeding the glass transition temperature (Tg) of the glass. 
The final temperature and holding time at temperature must be carefully determined 
(usually this is done by trial-and-error) to produce composites with sufficient structural 
integrity.  
   In this project, NextelTM 610 fibres were arranged in two directions between borosilicate 
glass slides (Borofloat® 33), in order to retain sufficient fibre-free matrix areas for minimal 
transparency loss due to the opacity of the fibres. Composites with different optical window 
areas (e.g. matrix areas delimited by fibres) (4×4 mm2, 5×5 mm2 and 6×6 mm2) were 
fabricated for light transmittance and mechanical property measurements. A solution of 
polyvinyl acetate (PVA) glue and water was employed as a binder, to help to arrange the 
fibres on the glass slide before sintering. 
   For consolidation of composites, softening of the glass and viscous flow of the glass 
should occur around and between the fibre bundles. This process will lead to strong 
bonding of the glass slides without losing the transparency and geometry of the composite 
structure. The processing parameters were chosen according to the properties of both the 
fibres and the glass matrix used.  
   Figure 5.3 shows the general heat-treatment schedule employed for composite 
fabrication, including the thermal cleaning step for removal of the binder. According to the 
TGA results, the temperature for the thermal cleaning was selected at 500 °C for 2 hours 
for burning out the binder and other impurities and to prevent excessive porosity occurring 
as a consequence of binder degradation. 
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Figure 5.2 – Schematic of the “sandwich” hot pressing technique to develop fibre 
reinforced GMCs 
 
 
 
Figure 5.3 – Schematic diagram showing the typical heating schedule used to 
fabricate GMCs (details of temperature and times investigated are given in the text) 
 
   Alumina trays were used as substrates during the heat treatment and to apply a 
pressure on the materials, i.e. flat supports for the slides, during composite manufacturing. 
To avoid undesirable sticking of the glass on the substrates, during fabrication, application 
of a release agent was necessary [80]. The release agent was composed of alumina 
hydrate and kaolin (EPK). The composition of 40% kaolin and 60% alumina was selected 
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in this investigation. A weight ratio of 5 parts of release powder to 8 parts of water was 
used. The slurries were thoroughly mixed, and applied on the substrates. Drying at 110°C 
was then carried out and the samples were thus ready for further use. Figure 5.4 shows an 
image of the tray coated with the release agent used as support for the fabrication of 
optomechanical composites in this study. 
 
 
Figure 5.4 – Ceramic tray coated with the release agent used as substrate for the 
fabrication of the composites 
 
   A preliminary study on optomechanical composites based on borosilicate GMCs was 
carried out by Desimone et al. [25]. Based on their study, the processing parameters, 
including temperature and heating/cooling rates, were varied and the optimal parameters 
were selected based on the results of the material characterization tests. The optimisation 
of the processing route to obtain high structural quality composites is discussed in the 
following sections.  
   In this part of the investigation, XRD and SEM (see section 4.4) were the main 
characterisation tools employed besides visual inspection to assess the quality of the 
samples produced. The composites produced using different heat-treatment parameters 
were inspected initially visually, where the optical transparency and surface characteristics 
were assessed. The heat-treatment schedule that provided the optimum combination of 
complete bonding between the slides and optimum fibre bundle infiltration with minimal 
geometrical distortion of the slides was then selected for comprehensive characterisation 
of optomechanical properties.  
   Based on preliminary studies, Table 5.2 summarizes the different processing parameters 
used for the manufacture of borosilicate glass / alumina NextelTM 610 fibre composites, 
and the respective sample code for identification. In addition, extra layers of fibre and 
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glass were incorporated (in parallel experiments) to fabricate composites with higher fibre 
volume fraction and improved mechanical properties. Each series of sample included two 
types of fibre orientation, which were 0º/90º and ±45º. 
Table 5.2 – Parameters used for fabricating borosilicate glass / NextelTM 610 fibre 
composites 
Sample 
Extra 
layer 
Heating 
rate 
(°C/min) 
Cleaning 
step 
Tmax 
(°C) 
Time 
(minutes) 
Cooling 
rate 
(°C/min) 
A1  20 
500 °C 
2 hours 
1050 
30 10 
A2  5 1050 
A1+ √ 20 1050 
A2+ √ 5 1050 
A3  20 1000 
A4  5 1000 
A3+ √ 20 1000 
A4+ √ 5 1000 
A5  20 950 
A6  5 950 
A5+ √ 20 950 
A6+ √ 5 950 
 
 
5.4 Composite characterisation 
   Several characterisation tests were carried out to select the optimal processing 
conditions for the fabrication of transparent GMCs, as described in the present section. 
5.4.1 Characterisation of the microstructure 
   Composites were observed visually and the transparency and flatness of the slides were 
assessed. Bonding between the glass slides and evidence of matrix flow around the 
reinforcing fibres were determined during microstructural analyses. The possible 
crystallisation of the glass after thermal-treatment was assessed by XRD. 
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   A Philips PW1700 series automated powder diffractometer was used, with Cu Kα 
radiation. XRD analyses were carried out in the 2θ range from 10 to 90º, with a 0.04 step 
size and 1s per step. Glass slides and composites were crushed into powder for the 
analysis, and spread onto a silicon holder surface in a mixture with acetone. The powder 
covered holder was placed in the XRD chamber after evaporation of the acetone. The 
resulting diffraction patterns were identified based on the database of the Joint Committee 
on Powder Diffraction Data, of the International Centre for Diffraction Data (JCPDS/ICDD 
Powder Diffraction File (PDF) number 77-1317). 
   Selected composite samples were extracted from the centre part of the as-produced 
composites and observed in a JEOL JSM 840 SEM to assess the bonding between the 
glass slides and to determine the extent of infiltration of the fibre bundles by the glass 
matrix. Samples were mounted onto aluminium stubs with carbon tags and the surface 
was sputtered with gold for improved electrical conductivity and to avoid charging leading 
to poor image quality.  
 
5.5 Results and discussion 
5.5.1 Processing parameters and microstructure 
   The fabrication process of borosilicate glass matrix composites consisted of three steps 
(see Figure 5.3). The first step was the thermal cleaning step, which involved raising the 
temperature to 500 °C at a heating rate of 20 °C per minute and keeping the material at 
this temperature for two hours to burn out organic impurities, especially the binder which 
was used to help arrange the fibres on the glass slide. The second step was the 
densification step which involved heating to the appropriate temperature, which should be 
higher than the glass matrices softening temperature (820 °C Table 5.1), at given heating 
rates and keeping it at temperature for 30 minutes. The last step was the cooling, which 
involved decreasing the temperature to room temperature with a fixed cooling rate, of 
5 ºC/minute.  
   It was challenging to choose the suitable thermal-treatment temperature. Due to the 
relatively high softening point of borosilicate glass, around 820 ºC [79], it was anticipated 
that the borosilicate glass slides heat treated at temperatures between 700°C and 1025°C 
would crystallize and the composite could become hazy and the light transparency would 
be reduced. Table 5.3 shows the crystal growth rates for Borofloat® 33 as a function of 
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temperature, obtained from the glass supplier, Schott Nexterion®, Germany. This data 
were provided by the manufacturer, and thus they have some uncertainty. In addition, no 
information on how long samples were held at each temperature is provided. Therefore, 
the manufacturer’s values were just used as starting information to optimize the 
processing temperature. Three temperatures (950, 1000 and 1050 °C) between the 
borosilicate glass softening and melting points were chosen to investigate the composite 
fabrication in terms of retaining initial sample geometry shape and of avoiding glass 
crystallisation. 
Table 5.3 – Crystal growth rates for Borofloat® 33 as a function of temperature 
(courtesy of Schott Nexterion®, Jena, Germany) 
Temperature  
(°C) 
Crystal growth rate  
(µm/h) 
650 - 
700 9.7 
750 17.5 
800 20 
850 26.8 
900 38 
950 27.7 
1000 9.3 
1025 3.4 
1050 - 
 
       
   Figure 5.5 shows images of samples A1 and A2. They were heat treated at 1050 °C for 
30 minutes with different heating rates, i.e. 20 °C/minute and 5 °C/minute, respectively.  
Both samples exhibit geometrical distortion, especially in sample A2, whose cross-section 
has changed and the surfaces have lost their parallel geometry. This behaviour is not 
desired. The geometrical distortions could have resulted from the use of too high a 
temperature and the occurrence to an excessive extent of glass softening and viscous 
flow. 
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Figure 5.5 – Digital camera images of composites A1 and A2, heat treated at 1050 °C, 
for 30 minutes, using different heating rates, A1: 20 ºC/min, A2: 5 ºC/min. Image 1 
shows composite A1 and A2 and image 2 shows crosssection of composite A2  
 
      The distortions induced large shape changes when an extra layer of fibre and glass 
were added on the composite, e.g. in samples of composites A1+ and A2+ (Figure 5.6). 
Due to the reason discussed above, the positions of the fibres were seen to have changed 
as a result of the excessive viscous flow. This relocation of fibres influenced the original 
fibre arrangement leading to marked distortion of the composites. 
   XRD of samples A1 and A2 (Figure 5.7) reveals the amorphous structure of the glass 
after heat treatment confirming that no crystallisation occurred or was detected by XRD 
(within the detection limits of XRD). Therefore possible transparency loss should not be 
attributed to glass crystallization.  
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Figure 5.6 – Digital camera images of composites A1+ and A2+, heat treated at 
1050 °C, for 30 minutes, using different heating rates,  A1+: 20 ºC/min, A2+: 5 ºC/min 
 
 
Figure 5.7 – XRD from the matrix in composites A1 and A2, heat treated at 1050 °C, 
for 30 minutes, using different heating rates, A1: 20 ºC/min, A2: 5 ºC/min 
 
      Typical samples of composite A3 and A4 are shown in Figure 5.8. The thermal 
processing was carried out at 1000 °C for 30 minutes and using heating rates of 
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20 °C/minute and 5 °C/minute, respectively. Sample A3 and A4 do not show a significant 
change of their geometrical shapes. Sample A4 was fabricated using 5 °C/minute heating 
rate as well, however its surfaces did not change the parallelism.  
 
 
Figure 5.8 – Digital camera images of composites A3 and A4, heat treated at 1000 °C, 
for 30 minutes, using different heating rates, A3: 20 ºC/min, A4: 5 ºC/min. Image 1 
shows composite A3 and A4 and image 2 shows crosssection of composite A4 
 
 
   Figure 5.9 shows typical samples of composite A3+ and A4+ with double fibre layers. No 
significant geometrical distortions occurred during the thermal processing in these 
composites. Most of the fibres remained in their original positions, which is favourable for 
retaining light transparency and improving mechanical properties.  
   XRD of composites A3 and A4 (Figure 5.10) reveals that the amorphous structure of the 
glass was retained after thermal treatment. No crystallization was detected. 
86 
 
 
Figure 5.9 – Digital camera images of composites A3+ and A4+, heat treated at 
1000 °C, for 30 minutes, using different heating rates, A3+: 20 ºC/min, A4+: 5 ºC/min 
   Samples of composites A5 and A6 maintained their original geometrical dimensions, 
compared with other samples studied in this project, after they were thermally treated at 
950 °C for 30 minutes with different heating rates. Typical samples of composites A5 and 
A6 are shown in  
Figure 5.11. However, there were some white hazes in the composite obtained, which 
would reduce the transparency of composites (see Figure 5.11) 
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Figure 5.10 – XRD from the matrix in composites A3 and A4, heat treated at 1000 °C, 
for 30 minutes, using different heating rates, A3: 20 ºC/min, A4: 5 ºC/min 
 
    Typical samples of composites A5+ and A6+ are shown in Figure 5.12. After thermal 
processing, there were hazes in the glass matrix, making the composites translucent.  
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Figure 5.11 – Digital camera images of composites A5 and A6, heat treated at 950 °C, 
for 30 minutes, using different heating rates, A5: 20 ºC/min, A6: 5 ºC/min. Image 1 
shows composite A5 and A6 and image 2 shows crosssection of composite A6 
 
 
Figure 5.12 – Digital camera images of composites A5+ and A6+, heat treated at 
950 °C, for 30 minutes, using different heating rates, A5+: 20 ºC/min, A6+: 5 ºC/min 
 
   XRD of composites A5 and A6 (Figure 5.13) reveals the presence of the metastable 
polymorph of cristobalite (JCPDS/ICDD Powder Diffraction File (PDF) number 77-1317) in 
the glass. This indicates that devitrification of the glass matrix occurred upon thermal 
processing. Borosilicate glasses are normally phase separable, which means that a 
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chemically durable silica-rich phase and a less durable borate-rich phase form. Under 
certain heat treatment conditions (in the present case, temperature =1000 °C,  holding 
time= 30 minutes) a crystalline phase of cristobalite can gradually precipitate out of the 
initial amorphous borosilicate glass, considering the low crystallisation enthalpy of 
cristobalite, i.e. −8.2 kJ/mol, and the “cristobalite like” structure of amorphous SiO2 [81-83]. 
Formation of cristobalite is unfavourable, because it can cause microcrack formation 
during cooling, which will reduce the mechanical strength of the material and will impair the 
material’s light transparency providing light scattering centres. It is known that the 
presence of cristobalite in borosilicate glass provides internal subdivisions associated with 
grain boundaries of different refractive index which act as scattering centres resulting in 
diffuse reflection [84-86]. On the contrary, amorphous borosilicate glass does not contain 
such scattering centres and no light scattering occurs. Therefore, cristobalite crystallisation 
in borosilicate glass needs to be avoided to develop suitable optomechanical composites. 
Further investigation of this crystallisation process was not carried out here, because the 
crystallization is detrimental to the transparency of the composites. 
 
 
Figure 5.13 – XRD from the matrix in composites A5 and A6, heat treated at 1000 °C, 
for 30 minutes, using different heating rates, A5: 20 ºC/min, A6: 5 ºC/min 
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   Air bubbles were observed occasionally in some composites (Figure 5.14), not only in 
composite samples of the A3 and A4 series but also in samples of the other series. This 
effect can be due to the latticed fibre arrangement, which traps air between the fibre and 
the glass matrix. More bubbles were present in composite samples sintered at 20 °C/ min, 
since faster heating rate made the glass soften in a short time impairing the escape of air 
from the fibre/matrix interface. These bubbles can influence the transparency of the 
composites and will act as defects in the microstructure reducing the mechanical 
properties. Thus, avoiding or minimizing the development of these bubbles during 
processing of composites is mandatory.  
 
 
Figure 5.14 – Digital images of composites A3 and A4 showing the presence of air 
bubbles, heat treated at 1000 °C, for 30 minutes, using different heating rates,  
A3: 20 ºC/min, A4: 5 ºC/min 
               
   After consideration of the results obtained using different processing conditions, the 
composite A4 series was confirmed as the “best” materials in terms of macroscopic quality 
(retention of shape, transparency) presenting the least unfavourable influences and 
problems after the manufacturing process. Thus, this series was selected to assess the 
bonding between the glass slides and the infiltration of the fibre bundles by the matrix by 
Secondary electron imaging (SEI) in the SEM.  
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Figure 5.15 – SEI/SEM images of the regions around the fibre bundles of composite 
A4 in different fibre orientations. 1) vertical fibre orientation, 2) horizontal fibre 
orientation, 3) the edge of reinforced fibre bundle and 4) crossing point of fibres in 
two directions 
 
   SEI/SEM images of the fibre/matrix interfaces in the A4 series composite samples 
confirmed that high densification was obtained. The outer filaments were adequately 
embedded in the glass matrix, while the inner ones have no interaction with the glass. 
Figure 5.15(1) shows that some holes and gaps between inner filaments occurred and 
most of the inner filaments were standing free. Figure 5.15(2), on the other hand, shows 
that the outer filaments were closely bonded with the glass matrix. Figure 5.15(3) shows 
the interface between two glass slides, where tiny pores of around 2 µm radius are 
observed. Figure 5.15(4) shows the interface at a different crossing point between fibres. 
At the crossing point, fibres in two different directions were arranged closely and no large 
gaps were formed between them. Additionally, there was no glass infiltration into fibre 
bundles observed, and all filaments inside the fibre bundles were free standing without 
connections with the glass matrix. 
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5.6 Conclusions 
   The results of the characterization tests presented in this chapter confirmed that the 
designed manufacturing route is efficient and reliable for fabrication of transparent GMCs. 
The technique based on forming a sandwich-like structure was successfully used to 
fabricate two directionally-aligned fibre reinforced GMCs, which were well bonded, dense 
and of acceptable transparency. Under the optimized fabricating schedule developed here, 
this method provides the appropriate conditions for the glass to flow around the fibre 
bundles and for consolidation of the composites. In addition, the optimization process was 
carried out primarily optimise the behaviour of the glass matrix, e.g. possible deformation, 
crystallization and development of porosity.  
   For the NextelTM 610 fibre-reinforced borosilicate glass system, a processing 
temperature of 1000 °C and holding time of 30 minutes, with a relative slow heating rate of 
5 °C per minute, proved to be optimal to manufacture, for the first time, transparent GMCs 
reinforced by aligned fibres arranged in perpendicular directions. 
   A novel sol-gel coating process was developed to coat NextelTM fibres to be introduced 
into this GMC system.  A detailed description of the sol-gel process development and of 
the composite characterisation, including microstructure, optical and mechanical 
properties, will be presented in the following chapters. All samples used for further analysis 
in this work were fabricated by the optimized process described in this chapter. 
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6 Development of the fibre coating process and 
results 
6.1 Introduction 
   The bonding of the interface between the fibre and the matrix is an important parameter, 
due to this influence on the ceramic composites’ toughness. As discussed in Chapter 1, a 
higher fracture toughness can be achieved by the introduction of a weak interface bond 
which allows toughening mechanisms to occur. On the other hand, strong bonding can 
impart high strength and stiffness to the composites, but the fracture toughness does not 
improve. Therefore, optimization of the fibre/matrix interface strength for each particular 
application is necessary [10]. 
   In the alumina fibre/borosilicate glass system, intermediate compounds can form during 
composite fabrication at elevated temperature, leading to the formation of an undesirable 
strong fibre/matrix interfacial bonding. To avoid this effect, several processes have been 
employed for depositing suitable coatings on fibre surfaces which could warrant an optimal 
interface bonding (see Section 6.3). Due to the relatively simple procedure involved and 
low oxide material forming temperature selected, the sol-gel coating process has been 
selected in this study as the method for depositing a thin inert ceramic layer to improve the 
composite’s fibre/matrix interface.  
  In this chapter, the development of the sol-gel dip-coating procedure for deposition of 
zirconia on NextelTM fibres will be presented. A novel “hybrid” sol-gel method has been 
developed. For the first time, ZrO2 powder was incorporated in controlled amounts to the 
starting sol to engineer the properties of the sol. The new “hybrid” method was optimised 
for obtaining homogeneous and crack-free ZrO2 coating surfaces on ceramic fibres 
compared with other available coating processes. The details of the sol-gel method and 
synthesis of the material will be described, followed by a presentation and discussion of 
characterization results and the analysis of coated fibre microstructures. 
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6.2 Fibre/matrix interfaces 
   The main objective of introducing high modulus and strong fibres into brittle ceramic 
matrices is their contribution to increased toughness [25]. To achieve this goal, control of 
the fibre/matrix interface represents a critical step in the development of CMCs and GMCs, 
because the interface occupies an extremely large area in the composites and is the key 
to determining their mechanical properties.  
   There are two typical failure modes of fibre-reinforced CMCs which are shown in Figure 
6.1. Strongly bonded interfaces can lead to a low-energy fracture process, e.g. the main 
crack propagates perpendicularly to the applied stress. Fibre and matrix fail together at the 
same time as in a monolithic ceramic. On the other hand, when the fibre/matrix interface 
has relatively weak bonding, it can deflect cracks propagating in the matrix, in a direction 
perpendicular to the original propagation, i.e. usually parallel to the stress direction, 
allowing extra expenditure of energy, and thus contributing to toughening. Interface 
debonding, fibre pull-out and crack bridging by fibres can also be observed. These energy 
dissipating processes further contribute to toughening of brittle matrix composites [9]. 
 
Figure 6.1 – Typical failure modes in CMCs with 2 types of interfacial bonding [9]     
 
   In order to keep the material integrity, the fibres must be bonded to the matrix and crack 
deviation must occur to avoid fibre failure. Additionally, when crack deviation has occurred, 
efficient load transfer through the interfaces is required, so that the load can be still carried 
by the matrix [9]. The degree of toughening of fibre-reinforced brittle matrix composites is 
Fibre 
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determined by the magnitude of the interfacial shear strength and the frictional interfacial 
stress [87].  
   Therefore, obtaining composites with excellent mechanical properties requires that the 
interfacial bonding strength is in the appropriate range. Since negligible interfacial strength 
leads to excessively low fracture strength of the composite, and strong bonded interfaces 
make the material fails like a homogeneous brittle solid [11], it is mandatory that the 
interface strength is optimised.  
   Normally, two types of bonds can occur at the interface, chemical or mechanical bonds. 
Chemical bonds are an inherent property of the composite constituent materials and their 
chemical affinities. Hence chemical bonds have higher strength compared with mechanical 
bonds, which result from thermally-induced residual stresses and local roughness effects 
(see Figure 6.2) [88]. In CMCs, weak interfacial bonds effectively allow energy dissipating 
processes to occur, thus in principle, mechanical bonds are important and favoured and 
chemical bonds should be avoided.  
   Chemical bonding occurs in some composite’s reaction zones, which involve atomic or 
molecular transport by diffusional processes. The thickness of the reaction zone formed (x) 
is related to the diffusivity of  atomic or molecular (D) and time (t) by the following equation 
[9]:  
𝒙𝟐 = 𝑫𝑫                                                   Equation 6.1 
   The interfacial bond strength in composites usually increases in the presence of 
chemical reaction zones [9]. In this case, introducing an interphase or coating, bonded to 
the fibre and the matrix, can prevent formation of chemical reaction zones at the interface, 
e.g. impairing direct chemical reactions between matrix and fibres [88]. 
   Mechanical bonding normally occurs in two situations, gripping of the fibre by the matrix 
when cooling the composite from the processing temperature and penetrating the crevices 
on the fibre surface by the matrix via the interlocking effect. The radial gripping stress (σr) 
depends on the interfacial shear stress (τi) and the coefficient of friction (µ) acting between 
the fibre and the matrix, according to the following equation [9]:  
𝝉𝒊 = µ𝝈𝒓                                                Equation 6.2 
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Figure 6.2 – Schematic of mechanical bonding at fibre/matrix interface in fibre-
reinforced composite [9] 
 
6.3 Interfacial coating materials  
   As mentioned above, one of the effective ways to prevent chemical reaction from 
occurring at the interface during composite fabrication is to introduce an inert intermediate 
layer (coating) between fibre and matrix. There are various kinds of materials that can be 
used as interfacial layers in CMCs, such as C, BN, LaPO4, SnO2, TiO2 and ZrO2 [9, 63]. 
The most popular materials for this application are briefly discussed in the following 
sections. 
 
6.3.1 Carbon coatings 
   Carbon provides favourable fracture behaviour when used as the interface material for 
improving the toughness of CMC because of the presence of easy cleavage planes in the 
carbon (graphitic) structure [89]. Thus, carbon was one of the first materials chosen to be 
deposited on reinforcing fibres or to be formed from in-situ decomposition of the fibre 
during processing. In particular for SiC fibres, a carbon-rich layer can form upon 
degradation of the fibre at elevated temperatures, e.g. during processing by hot pressing 
[90]. Chemical vapour deposition (CVD) is a convenient way to deposit carbon coatings 
[64]. Carbon coatings were also used to manipulate the sliding resistance at interfaces by 
controlling the thickness of the coating and the resulting gap between fibre and matrix, 
which is usually left upon degradation of the fibre [91], for example in oxidising 
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environments.  
   However, carbon coatings have some disadvantages. The low oxidation resistance of 
carbon limits its use for fibre coatings in composites that will be used at high temperatures 
in air. It also makes carbon unsuitable for use as a coating in oxide-oxide composites. 
Oxidation of carbon coatings on fibres has been found to cause significant fibre strength 
losses when the composite is exposed at temperatures of around 700 to 900 °C [64]. In 
the SiC fibre/borosilicate glass matrix system, for example, carbon coating oxidation feeds 
the chemical reaction at the interfaces, which causes increased interfacial shear strength 
and composite embrittlement [87]. In addition, carbon coatings may blacken the 
transparent matrix and cause reduction and loss of transparency [92]. Moreover, due to 
the high temperatures employed in the coating process, deterioration of the reinforcing 
fibres may occur when a carbon coating is deposited by the pyrolysis of previously-
deposited carbon-containing materials [92].  
6.3.2 BN coatings 
   BN coatings can improve the fibre/matrix interface bonding leading to fibre pull-out and 
enhanced flexural strength and fracture toughness of the composites [59]. Thus, BN layers 
have been used to coat NextelTM 440 fibres and SiC fibres via CVD/CVI deposition [23, 31, 
93-95]. In addition to enhancing the fracture behaviour and fracture strength of 
composites, BN coatings also protect the fibres during processing [93]. Moreover, using 
BN-coated NextelTM 480 fibres as reinforcement in GMCs led to an increase of 15% in the 
3-point bend strength compared to the composites with uncoated fibres [59]. 
   On the other hand, BN also has relatively poor oxidation resistance, which is normally 
lower than that of oxide fibres and glass matrices [64]. In addition, gases used in the BN 
deposition process can harm the fibre surfaces, degrading their reinforcing potential [94]. 
Moreover, BN layers can react with some types of glasses. For example, it was shown [23] 
that micro and nano bubbles formed when BN coatings were introduced into a (Schott 
756) GMC. This effect reduced the composite’s transparency, which was unfavourable 
[23].  To solve this problem, a TiO2 layer was deposited onto the BN coating. The TiO2 
coating can provide the weak interface for debonding and fibre pull-out, because there is 
no chemical reaction between BN and TiO2 coating (see section 6.3.5).  
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6.3.3 LaPO4 coatings 
   LaPO4 (monazite) is a more oxidation-resistant coating material compared with carbon 
and BN and it has been developed for use in all oxide composite systems [96]. It has been 
proved that monazite can improve Al2O3 matrix composite’s fracture toughness when it is 
used as an interphase [64, 93, 97-99]. Monazite is a refractory compound, thus the 
elevated temperature required for heat treatment of monazite may degrade the properties 
of NextelTM 610 and 720 fibres [98].  
   To prevent high temperature degradation of the fibres, a slurry method for depositing 
monazite onto NextelTM fibre has been developed [99]. Adjustment of the pH of the slurry 
solution is required to obtain increased retained strength of the fibre, because the low pH 
of the solution results in degradation of the fibre in this process [99]. Hot pressing has 
been employed to fabricate fully dense monazite/sapphire fibre composites, which showed 
potential for enhanced toughness. However, there was no significant improvement in 
strength observed in monazite coated monofilament sapphire fibre-reinforced alumina 
composites, probably because of the residual porosity in the composites [97]. Although 
there was no high temperature degradation of the fibre mechanical strength, the high 
porosity impaired the toughness of the composite. Hence, using a refractory material as 
interfacial coating is not always a suitable approach, because fabricating fully dense 
composites without thermally damaging the fibres needs to be achieved first [97].   
 
6.3.4 SnO2 coatings 
   SnO2 layers have been selected to coat Al2O3 and sapphire fibres by CVD to provide a 
diffusion barrier in GMCs [63, 100]. SnO2 coated fibres can offer favourable fibre/matrix 
interface bonding and attractive mechanical properties [63, 100]. The SnO2 coating led to 
increased roughness on the Al2O3 fibre, which inhibited fibre pull-out. However the coating 
worked well on the smoother sapphire fibre, which provided a greater extent of fibre pull-
out and hence increased fracture toughness. In addition, favourable failure mechanisms, 
including crack deflection and secondary cracking, have also been observed in SnO2 
coated Al2O3 fibre-reinforced GMCs, due to the weak interface obtained [65]. Improved 
mechanical properties by introducing SnO2 coatings in NextelTM 480 fibre-reinforced GMCs 
has been also achieved. The composites showed a 30% increase in 3-point bend strength 
compared to composites with uncoated fibres [59].  
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   Nevertheless, methods to deposit SnO2 layers require high temperatures, which can 
cause property degradation of some fibres. It has also been found that Sn-ions may diffuse 
into the glass matrix during hot pressing, which will lead to strongly-bonded fibres and to 
impaired fibre pull-out and limited crack-deflection mechanisms [31].  
 
6.3.5 TiO2 coatings 
   TiO2 coatings have also been employed (but to a limited extent) on oxide fibres using 
different depositing processes. Lev et al. [101] successfully used magnetron sputtering to 
create a TiO2 coating on sapphire fibres. It was found that a layer of voids formed between 
the coating and the fibre, because diffusion of Ti cations into the oxidizing layer, which 
occurred at a higher rate than diffusion of oxygen anions to replace them. This porous 
layer facilitated debonding of the interface, indicating the potential of the porous TiO2 
interface for the toughening of oxide-oxide composites. The sol-gel technique has also 
been used to coat reinforcing oxide fibres. TiO2 coated NextelTM 440 fibre-reinforced soda-
lime silicate GMCs have been investigated by Boccaccini et al. [18]. Formation of a weak 
interface was observed by the evidence of fibre pull-out upon fracture. Moreover, a slight 
increase in the bending strength was obtained in TiO2 coated basalt fibre-reinforced 
borosilicate GMCs [22]. 
 
6.3.6 ZrO2 coatings 
   ZrO2 has been selected as a suitable interface layer in oxide-oxide composites by many 
researchers [19, 21, 58, 63, 102]. Slurry infiltration was used to deposit ZrO2 on Al2O3 
fibres for producing a “mini-composite”, which was then used to reinforce borosilicate glass 
plates by a hot-pressing technique [19]. Improved bend strength of the composite was 
observed, and the strength was seen to increase with increasing “mini-composite” content. 
The load-bearing behaviour of the composite was contributed by mini-composite unit 
bridging, which was proved by quantitative analysis via luminescence spectroscopy [21].  
   ZrO2 coatings can be also deposited by a sol-gel technique. For example, alumina fibre 
mats with 1-2 µm homogeneous ZrO2 coating layer have been produced successfully by 
Gu et al. [58].  
   The interfacial material selection can be generally based on inspection of phase 
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diagrams. Obtaining no solid solubility in the fibre or matrix materials is one of the main 
principles guiding the selection of coating materials [63]. For example, Figure 6.3 shows 
the Al2O3-ZrO2 eutectic phase diagram, which shows no solid solubility between the two 
materials. Thus, the chemical compatibility of ZrO2 coating in Al2O3-based systems at 
processing temperatures of GMCs (< 1000 ºC) can be confirmed [102].  
 
 
Figure 6.3 – Calculated Al2O3-ZrO2 eutectic phase [102] 
 
6.3.7 Summary 
    
Table 6.1 summaries of different interfacial coating materials commonly used in CMCs and 
GMCs.  
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Table 6.1 – Summary of common used coating materials for CMCs 
 
Good 
Oxidation 
Resistance 
None 
Fibre 
Degradation 
None 
Chemical 
Reaction 
Low 
Porosity 
High 
Density 
No Solid 
Solubility  
Increased 
Strength 
Improved 
Toughness  
C xx x x √ √ n/a √ √ 
BN x x √ x √ n/a √ √ 
LaPO4 √ x √ xx x n/a √ √ 
SnO2 √ x x √ √ n/a √ √ 
TiO2 √√ √ x x x √ √√ √√ 
ZrO2 √√ √ x √ x √ √√ √√ 
√√ - very good   √ - good   x - poor   xx - very poor   n/a – not applicable 
 
   According to the properties shown in  
Table 6.1, ZrO2 coating has been chosen in this project to introduce a suitable interface in 
the NextelTM 610 alumina fibre/borosilicate GMCs. Good oxidation resistance and no fibre 
degradation are required for increased strength and improved fracture toughness. In the 
following sections, suitable ZrO2 coating processes are discussed for producing suitable 
ZrO2 coating layers on NextelTM 610 fibres. 
 
6.4 Coating techniques 
   There are many processes suitable for deposition of thin interfacial coatings on 
reinforcing fibres for CMC systems, such as CVD, magnetron sputtering and sol-gel 
methods. Chemical vapour deposition (CVD) is a widely used method for interfacial 
coating, especially for depositing carbon, BN and SnO2 coatings. Although it is an effective 
coating method, the high temperatures required in this process are not suitable for some 
fibres. Fibre degradation can be observed on alumina fibres coated by CVD [23, 31, 63, 
65, 93, 94, 100, 103]. Sputtering methods have been used to deposit TiO2 coating layers 
on sapphire fibres [101]. However this method is relatively complicated in terms of 
equipment requirements compared with the sol-gel process.  
6.4.1 Sol-gel technique 
   The sol-gel method has a more than thirty year history, and it can be used to deposit thin 
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and uniform coatings with typical thickness, of around 1 µm [104, 105]. Generally, sol-gel 
methods can be described as preparing a suspension of the desired precursors (e.g. 
alkoxide), which is applied to the substrate by dipping, draining or spinning. This method 
has been used successfully to coat fibre tows or textiles with ceramic layers [56, 105]. The 
main advantage of the sol-gel method is that uniform coating layers can be easily achieved 
by controlling the suspension viscosity, coating speed, drying and thermal treatment 
parameters [56-58, 106]. In addition, the low processing temperatures involved in  this 
method confer an extra advantage [107]. However, depositing thicker layers is not suitable 
by the sol-gel technique because shrinkage and cracking usually occur on bulk samples 
during drying [106].  
   Sol-gel coating processes start from peptizing precursor solutions into colloidal 
suspensions (sols) and gelling to an amorphous structure with the desired chemistry. 
Generally, there are two types of chemical reactions that occur during alkoxide sol-gel 
processes to form an oxide skeleton while gels are in contact with the substrate and 
exposed to the atmosphere. These reactions can be simplified to the following Equations 
6.3 and 6.4 [56]: 
Condensation-polymerisation: 
𝟐𝟐(𝑶𝑶)𝑿−𝟏𝑶𝑶 → 𝑶𝟐𝑶 + (𝑶𝑶)𝑿−𝟏𝟐 − 𝑶−𝟐(𝑶𝑶)𝑿−𝟏               Equation 6.3 
Hydrolysis: 
𝟐(𝑶𝑶)𝑿 + 𝑶𝟐𝑶 → 𝟐(𝑶𝑶)𝑿−𝟏𝑶𝑶 + 𝑶𝑶𝑶                           Equation 6.4 
where: M is a metal species and R is an organic group   
   These reactions lead to formation of an oxide skeleton, the gels become rigid when they 
are in contact with the substrate and are exposed to the atmosphere. Then the remaining 
solvent can be dried readily, and the densified coated layer with the desired structure is 
formed by applying a thermal treatment (calcination) followed by sintering [56]. Figure 6.4 
shows a schematic diagram representing the processing route for preparing a powder by 
sol-gel. 
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Figure 6.4 – A general sol-gel processing route [10] 
 
   Figure 6.5 shows an overview of the different possible sol-gel processing routes and 
materials obtained. 
 
Figure 6.5 – Overview of the different possible sol-gel processing routes and 
materials obtained  
 
   The sol-gel process offers a simple way to form ceramic layers on fibre surfaces by 
dipping the fibres in the sol and heating them by a suitable thermal treatment. This dip-
coating method has been widely used for depositing thin oxide layers on substrates with 
varied shapes [57, 58, 107-109].  
   In conclusion, the sol-gel technique is a convenient and potentially less expensive 
process compared to CVD or magnetron sputtering. The sol-gel technique can be used to 
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synthesise oxide coatings on fibres with simple equipment and which allows tailoring of the 
microstructure of the deposited film [105]. 
 
6.4.2 Preliminary investigation of the ZrO2 sol-gel fibre coating 
technique 
   Jayaseelan et al. [60, 61] developed a ZrO2 sol-gel process which consists of mixing 
zirconyl chloride and oxalic acid aqueous solution under intense agitation to form an 
oxalate sol. Equation 6.5 shows the reaction during the sol-gel process [110]:  
𝐙𝐙𝐙𝐂𝐂𝟐 + 𝐇𝟐𝐂𝟐𝐙𝟒 → 𝐙𝐙𝐙𝐂𝟐𝐙𝟒 + 𝟐𝐇𝐂𝐂                             Equation 6.5 
   Continuously adding the oxalic acid solution to a solution of zirconyl chloride results in a 
decrease of the pH of the sol, meanwhile the viscosity of the sol increases initially slightly 
until a sudden increase is observed. This leads to the formation of a thick and white gel, 
which is used to obtain a clear sol by applying further agitation [25]. Baklanova et al. [57] 
investigated the dip-coating of NicalonTM fibres by using a zirconyl oxychloride sol-gel 
process. They found that agitation results in a decreasing viscosity because of increasing 
shear strain. This behaviour was also explained by Settu & Gobinathan [110]. They 
suggested that the distribution of ions and adsorption of protons on the colloidal particles 
are favoured by shaking. The variation in the potential energy barrier between the colloidal 
particles results in the formation of the gel. In addition, the magnitude of this energy barrier 
determines the form of particles (coagulated or dispersed).  
   Based on these developments on sol-gel coating process, Desimone et al. [25, 26] 
improved the method by introducing yttrium nitride in the sol mixture. Adding Y(NO3)2 
promotes the formation of Y2O3 in the microstructure and then induces the formation of  
Y2O3-stabilized ZrO2 rather than the monoclinic ZrO2 crystalline phase obtained from the 
original mixture. Normally, pure ZrO2 exists in several crystalline forms at different 
temperatures; a cubic phase at very high temperatures (>2370 ºC), a tetragonal phase at 
intermediate temperatures (1150 to 2370 ºC) and a monoclinic phase at low temperature 
(<1150 ºC). The cubic to tetragonal to monoclinic transformations cause a volume 
expansion of the lattice, which leads to extensive cracking in the material upon cooling 
from high temperature, e.g. from the processing temperature. This phase transformation 
and associated microcracking impair the mechanical properties of the material during 
cooling from the fabrication temperature. Therefore, several oxides, such as magnesium 
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oxide (MgO), yttrium oxide (Y2O3), calcium oxide (CaO) and cerium (III) oxide (Ce2O3), are 
added to ZrO2 to stabilize the tetragonal and/or cubic phases, which can slow down or 
eliminate these crystal structure changes inhibiting also microcracking [111]. Thus 
stabilized ZrO2 has better thermal, mechanical and electrical properties than its 
unstabilized counterpart. Moreover, transformation toughening mechanism can be 
achieved by when a sufficient quantity of the metastable tetragonal phase is present in a 
ZrO2 matrix. The metastable tetragonal phase can convert to monoclinic phase with the 
associated volume expansion when an external stress is applied, which puts the crack into 
compression, retarding its growth and enhancing the ceramic fracture toughness [111, 
112]. Figure 6.6 shows a schematic diagram of the ZrO2 sol-gel coating process developed 
by Desimone et al. [25, 26]. 
    
 
Figure 6.6 – Schematic diagram of the original ZrO2 sol-gel coating process 
developed by Desimone et al. [25] 
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   However, this coating process resulted in loss of strength of the NextelTM fibres due to 
the thermal treatment employed for consolidation of the ZrO2 coating. In addition, the 
coatings were seen to exhibit high surface roughness and porosity [25].  
   Therefore, a novel hybrid sol-gel coating process was developed in this project to 
deposit ZrO2 coatings on reinforcing fibres. The aim was to develop coatings that could be 
densified at lower temperature and so to obtain a smooth and crack-free coating. The use 
of pure ZrO2 powder as an addition in the sol at the gelation stage was investigated. The 
preparation of the sol will be described in section 6.5.1. 
 
6.5 Experimental methodology 
6.5.1 ZrO2 sol-gel fibre coating processing  
   Based on preliminary investigation of the sol-gel technique and processing route for 
preparing the coating material, a new method for depositing coatings on fibres was 
designed. Mixed solutions of 5 molar zirconyl chloride octahydrate and 0.06 molar of 
yttrium(III) nitrate hexahydrate were prepared, and the solution of 5 molar oxalic acid was 
slowly poured into the mixed zirconyl chloride and yttrium(III) nitrate solution with 
continuous stirring until peptization had occurred (see Figure 6.7). During this procedure, 
increased viscosity and formation of white flocculates were observed. Then, a thick and 
white gel was formed. 
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Figure 6.7 – Digital images illustrating the sol-gel process I: a) mixed solution of 
ZrOCl2 and Y(NO3)3, b) adding solution of C2H2O4 slowly into the mixed solution  
and c) formation of a clear sol 
 
   After the gel was formed, it was then shaken for 30 minutes to obtain a white clear sol. 
For the coating procedure, de-sized fibres were immersed manually in this sol and were 
subjected to vacuum impregnation for 30 minutes, which released the air trapped inside 
the fibre bundles and enhanced the sol penetration into the bundles, filling the gaps left by 
escaped air. During the vacuum infiltration procedure, released air bubbles were observed 
on the surface of the sol. Consequently, the fibres were kept immersed in the sol until 
gelation was completed which was indicated by formation of a viscous white gel (see 
Figure 6.8). The gelation process took approximately 3-4 hours.  
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Figure 6.8 – Digital images illustrating the sol-gel process II: a) formed sol under 
shaking for 30 minutes, b) white liquid sol formed after shaking and c) air bubbles 
presented after 30 minutes vacuum impregnation 
 
   Fibres were then withdrawn from the gel and hung up to dry at room temperature for 12 
hours. Dried fibres were seen to have increased in rigidity, so could be cut easily to the 
desired length for thermal treatment, prior to a further coating process and composite 
fabrication (see Figure 6.9). The cut fibres were then subjected to thermal treatment 
(calcination), which comprised heating the fibres to 500 ºC at a rate of 1 ºC/minute, and 
holding for 2 hours. De-sized fibres of length around 100 mm were coated by this method.  
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Figure 6.9 – Digital images of the sol-gel process III: a) gelation process and b) 
coated fibres cut after drying at room temperature for 12 hours 
 
   After coating the first layer on the fibre, as explained above, a new “hybrid” sol-gel 
coating process was investigated to form smooth and crack-free fibre coatings for further 
composite fabrication. This coating process included similar procedures as the normal sol-
gel coating process described previously. The difference however was the addition of pure 
ZrO2 powder (mean particle size 5 µm)  into the viscous gel before shaking it to form a 
clear sol. Different dosages of ZrO2 powder (25%, 50% and 75% moles of ZrOCl2) were 
investigated.  
 
 
 
 
 
 
Table 6.2 shows the parameters investigated for the sol-gel coating process in this project. 
Series B and series C are the pellet samples made from ZrO2, the coating material which 
was used for fibre coating in this project, fabricated by normal and hybrid sol-gel process, 
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respectively. The thermal treatment for calcination and the sintering process for 
densification of the coatings are discussed in Section 6.6.  
 
 
 
 
 
 
Table 6.2 – Process parameters investigated for sol-gel ZrO2 coating method 
 
Type of 
coating 
Chemicals 
(molar concentration) 
Additional 
ZrO2 
powder 
B1 Normal 
ZrOCl2 (5 molar) 
Y(NO3)3 (0.06 molar) 
C2H2O4 (5 molar) 
N/A 
C1 
“Hybrid” 
ZrOCl2 (5 molar) 
Y(NO3)3 (0.06 molar) 
C2H2O4 (5 molar) 
25% 
C2 50% 
C3 75% 
 
6.5.2 Characterisation of the sintering behaviour of ZrO2 coatings 
   Based on British Standard BS ENV 725-11:1994 [113], densification of the hybrid sol-gel 
prepared powder was investigated to detect the most efficient sintering temperature for 
ZrO2 obtained by the present sol-gel coating method. This analysis included measuring 
and comparing the densities of the hybrid sol-gel derived ZrO2 and the green bodies, 
which were all sintered at different temperatures, to determine the appropriate temperature 
for densifying the coating onto the fibres. The as-dried powder obtained from the hybrid 
sol-gel route was processed to pellets by powder compaction in a uniaxial press for 
density measurements. To simulate the actual coating’s pressureless compaction 
condition, pellets were compacted under a relatively low pressure manually. 
   To measure the density of the materials, British Standard BS EN 623-2-1993 [114] was 
used which includes the geometrical bulk method and the evacuation method to measure 
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the density. Three samples for each condition were investigated, which were sintered at 
900, 1000, 1100, 1200 and 1300 ºC.  
   In the case of the geometrical bulk method, the measured values of mass and sample 
dimensions before and after sintering were used to calculate the mass variation, sintering 
shrinkage, relative density and densification from equations 6.6 – 6.7. 
𝒎𝒎𝒎𝒎 𝒗𝒎𝒓𝒊𝒎𝑫𝒊𝒗𝒗 = (𝒎−𝒎𝒎)
𝒎𝒎
                                       Equation 6.6 
𝒎𝒊𝒗𝑫𝒔𝒓𝒊𝒗𝒔 𝒎𝒔𝒓𝒊𝒗𝒔𝒎𝒔𝒔 = (𝑳−𝑳𝒎)
𝑳𝒎
                                   Equation 6.7 
where: 𝒎, 𝒎𝒎 are the mass of the samples before and after sintering, respectively 
            𝑳, 𝑳𝒎 are the greatest dimensions of the samples before and after sintering (e.g. 
diameter), respectively 
   For the evacuation method, kerosene was selected as the immersion liquid to avoid 
dissolution of the dried powder in water. The dry mass (𝑚1) was measured after drying the 
samples at 110 ºC for 2 hours. The immersed mass (𝑚2) infiltrated by kerosene under 
vacuum was then measured. The soaked mass (𝑚3) was subsequently measured when 
the samples were withdrawn from the kerosene bulk. The bulk density (𝜌𝑏), apparent solid 
density (𝜌𝑠) and the apparent porosity (𝜋𝑎) were calculated using equations 6.8 to 6.10. 
     𝜌𝑏 = 𝑚1𝑚3−𝑚2 × 𝜌𝐿                                          Equation 6.8 
     𝜌𝑠 = 𝑚1𝑚1−𝑚2 × 𝜌𝐿                                           Equation 6.9   
     𝜋𝑎 = 𝑚3−𝑚1𝑚3−𝑚2 × 100                                         Equation 6.10     
where: 𝜌𝐿 is the density of the immersion liquid (kerosene) 
                
6.5.3 Differential scanning calorimetry (DSC) 
   To evaluate the thermal behaviour of the coating, differential scanning calorimetry (DSC), 
on a Stanton Redcroft Thermal Analyser STA-780 series, was employed. As-dried powder 
was characterised, obtained by the “hybrid” sol-gel process developed in this project. The 
difference in temperature between the reference material and the sample was recorded. 
The endothermal or exothermal peaks were identified from the DSC curves, which were 
ascribed to the process of calcination or crystallization. The analysis was carried out up to 
600 ºC with a heating rate of 10 ºC/min. This experiment was carried out by Decheng 
Meng at Materials Department of Imperial College London. 
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6.5.4 X-ray diffraction (XRD) analysis 
   To determine the crystalline phase formed upon calcination of the sol-gel materials, X-
ray diffraction (XRD) analysis was carried out on a PANalytical X’Pert PRO MPD 
diffractometer (The Netherlands). The as-dried sol-gel powder samples were investigated 
in the 2θ range from 10° to 90º, with a 0.04° step size and 1s per step. The resulting 
diffraction patterns were identified based on the Joint Committee on Powder Diffraction 
Data database, from the International Centre for Diffraction Data (JCPDS/ICDD Powder 
Diffraction File (PDF) number: 01-078-1808, 00-037-1484).  
6.5.5 Microstructural characterization of coated fibres 
   To analyse the microstructure of ZrO2 coated fibres, a LEO field emission gun 
scanning electron microscope (FEG-SEM), equipped with an energy-dispersive X-ray 
spectrometer (EDS) was employed. The analysis was carried out on the surface of coated 
fibres, which were mounted directly onto aluminium stubs, for observation in the FEG-
SEM. All test samples were coated with a gold layer for microstructural analysis in the 
FEG-SEM. 
 
6.5.6 Characterization of ZrO2 coated fibre surface roughness 
   To measure the surface topography and roughness of sol-gel coated fibres, a ZYGO 
NewView 5000 white light interferometer was employed. The microscope image software 
MetroPro was used for measuring the surface topography. 50 x objective and 2.0 x image 
zoom were applied to set the equipment for these measurements. The coated fibre surface 
features were detected by the microscope and analysed by the dedicated software to 
obtain the surface waviness and roughness. Measurement of small surface areas is an 
effective method to avoid influences from the shape of fibre bundles, which is also known 
as waviness. It was found that some coated fibres’ surface conditions could not be 
measured, because some “deep gaps” on the surface exceeded the instrument’s 
measuring capability and it was not possible to collect enough data for analysis. Hence the 
surface roughness parameters (Ra and rms) were measured in gauge length or gauge 
area modes along the fibre longitude. 
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6.5.7 Mechanical properties 
   The coated fibre tensile strength after sintering was measured in accordance with British 
Standards BS EN 1007-5:2010 and BS EN 1007-4:2004 [115, 116] to assess the possible 
effects of the coating process and the thermal treatment on the fibres mechanical 
properties. The experimental method is as described in Section 4.3.5. Figure 6.10 shows 
the prepared samples with paper tabs, which were ready for testing. The tensile testing 
was carried out on a Zwick Roell Z010 testing machine with testXpert II software, at 
1 mm/min test speed. 
 
 
Figure 6.10 – The prepared coated fibre samples with paper tabs for fibre tensile 
test, according to standard BS EN 1007-5:2010 and BS EN 1007-4:2004 [115, 116] 
 
 
6.6 Results and discussion 
6.6.1 Characterization of coating sintering process 
   To determine the most appropriate temperature for sintering of the ZrO2 coatings before 
using them in composite manufacture, the densification behaviour of the ZrO2 powder 
produced was analysed. The densities of the B1, C1, C2 and C3 (Table 6.3) series 
samples sintered for 1 hour at a heating rate of 1 ºC/minute at 900, 1000, 1100, 1200, 
1300 1400 and 1500 ºC were measured and compared to those of the green compacts. All 
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measurements were carried out on three samples sintered at each temperature. The 
average green densities of compacted pellets are shown in Table 6.3. It can be seen that 
the densities of green compacts increased with increasing amount of ZrO2 powder added.  
 
 
 
Table 6.3 – Average density of green ZrO2 compacts 
 
Average Green Density, 
g/cm3 
B1 1.84 ± 0.1 
C1 1.92 ± 0.09 
C2 1.99 ± 0.12 
C3 2.05 ± 0.1 
 
   Figure 6.11 shows the shrinkage and mass variation of B1, C1, C2 and C3 samples after 
heating at different sintering temperatures revealing that all samples exhibit slightly lower 
shrinkages at 900 ºC compared to those at high sintering temperatures, which indicates 
that all series samples have poor densification at this temperature, and show nearly 
constant shrinkage at higher testing temperatures. In addition, shrinkage of the C series 
samples is lower than that of the B series samples, due to the introduction of ZrO2 powder. 
All samples have similar mass variation for all the temperatures employed, around 53%. 
This high mass loss is the result of the calcination of the organics from the precursors 
used in the sol-gel process, also indicated by the large area of the peak obtained from the 
DTA analysis (section 6.6.2 and 6.6.3).  
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Figure 6.11 – Shrinkage and mass variation of B1, C1, C2 and C3 samples after 
sintering 1 hour at different temperatures 
    
   Figure 6.12 shows the apparent density and porosity of B1, C1, C2 and C3 samples after 
sintering 1 hour at different temperatures. B1 series samples have lower apparent solid 
densities (and higher apparent porosities) than those of C series samples. In addition, 
there are significant increases in apparent porosity for all samples sintered at 900 ºC, 
compared to the green bodies. This confirms that sintering 1 hour at 900 ºC is less efficient 
at densifying the present ZrO2 samples, because pores are created during calcination due 
to the decomposition of the remaining organics and chlorine arising from the sol-gel 
processing. On the other hand, decreases in the apparent porosities for all series samples 
are observed at the higher sintering temperature tested.  
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Figure 6.12 – a) Apparent density of B1, C1, C2 and C3 samples after sintering 1 
hour at different temperatures and b) apparent porosity of B1, C1, C2 and C3 
samples after sintering 1 hour at different temperatures  
 
   Meanwhile, the densities of all C series samples at each tested temperature are higher 
than those of the B1 series samples, likely the result of the introduction of ZrO2 powder to 
the sol. Density increases of all series samples are observed after sintering 1 hour, at 
900 ºC.  
   These results indicate that denser ZrO2 coatings should be obtained when sintering 
temperatures above 1000 ºC are used. Although higher temperatures should result in 
better densification, the maximum temperature employed for sintering the coating is limited 
due to the need to avoid reactions between the Al2O3 fibres and ZrO2 coating and thermal 
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damage to the fibres. Considering the results obtained from the densification 
measurements, 1000 ºC was selected as the sintering temperature for densification of the 
ZrO2 coating obtained by dip-coating. Thus all the samples tested and discussed in the 
following sections were heated at 1000 ºC for 1 hour at a heating rate of 1 ºC/minute.   
 
6.6.2 Characterization of the traditional sol-gel coatings (B series) 
   The coated samples were examined to confirm whether the parameters chosen to 
deposit the 1st layer were appropriate. The characterization was carried out using DTA, 
XRD, SEM/EDS and surface roughness tests. 
 
Figure 6.13 – DSC curve of as-dried B1 series sol-gel derived powder 
 
   Figure 6.13 shows the DSC curve of the as-dried sol-gel derived powder of series B1. 
The DSC results provided information on the material’s thermal behaviour to prove that the 
employed calcination treatments were appropriate for the coating process. As a result of 
the evaporation of water a broad endothermal peak occurred between 50 and 250 ºC, 
which shows its maximum value at around 100 ºC. Due to the degradation of the organic 
residuals from the precursor, a second endothermal peak can be observed between 250 
and 350 ºC. In addition, an exothermal peak occurred near 500 ºC, which can be attributed 
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to the formation of ZrO2. Moreover, adding Y2O3 was expected to stabilize the cubic phase. 
The formation of Y2O3-stabilized ZrO2 was confirmed by XRD analysis (Figure 6.14). 
   XRD (Figure 6.14) from B1 series coated fibres, confirm that adding Y2O3 results in the 
formation of yttrium zirconium oxide (Zr0.935Y0.065O1.968, JCPDS/ICDD Powder Diffraction 
File (PDF) number 01-078-1808) in the coating.  
 
Figure 6.14 – XRD pattern of a B1 series specimen produced by the traditional sol-
gel process. The XRD peaks of zirconium yttrium oxide and Al2O3 are also shown  
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Figure 6.15 – a) SEM image and b) EDS results of B1 series coated fibre 
 
   Figure 6.15 shows a SEM image and EDS from a B1 series coated fibre. ZrO2 has been 
successfully deposited on the fibre surface forming a relatively thick, cracked coating. EDS 
analysis of the fibre surface confirmed the presence of Zr from the coating and aluminium 
from the fibre.  
 
 
Figure 6.16 – White light interferometry result on a typical fibre coating surface of 
B1 series  
 
   Figure 6.16 shows the typical coating surface condition of B1 series samples obtained by 
white light interferometry (ZYGO) examination. The coating surface has “large” gaps. Table 
6.4 shows the surface roughness of the coated fibre measured by ZYGO. The relatively 
high standard deviation of the surface roughness values confirms that the coating surface 
was irregular and contained many gaps, which are undesirable for the application of the 
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coated fibres in composites. 
Table 6.4 – Surface roughness parameters of B1 series coated fibre 
Surface roughness B1 series 
25 µm 
gauge length 
along fibre direction 
Ra 
(µm) 
10 ± 2 
rms 
(µm) 
11 ± 2 
25 × 3 µm2 
gauge area 
along fibre direction 
Ra 
(µm) 
10 ± 3 
rms 
(µm) 
11 ± 2 
  
6.6.3 Characterization of the hybrid sol-gel coating process 
   After depositing the first layer of coating on the fibre as discussed above, three series of 
samples, C1, C2 and C3, coated by the hybrid sol-gel process were investigated, which 
were expected to exhibit smoother and crack-free coatings without affecting the fibre’s 
mechanical properties. DTA and XRD tests were carried out to determine whether there 
were any structural changes after adding ZrO2 powder into the viscous gel, which might 
have influenced the expected formation of Y2O3-stabilized ZrO2 by the calcination 
treatment. SEM/EDS and ZYGO tests were employed to observe the deposited coating 
microstructure and to measure coating surface roughness.  
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Figure 6.17 – DSC curve of as-dried sol-gel derived powder of series C1, C2 and C3 
    
   After adding different amounts of ZrO2 powder into the mixture, similar DSC curves were 
obtained from three series of as-dried sol-gel derived powders, as shown in Figure 6.17. 
The thermal behaviour of the three series of samples did not show any significant 
differences. The curves exhibit two main endothermal peaks at similar ranges, between 40 
and 250 ºC and between 250 and 370 ºC, which are attributed to the evaporation of water 
and degradation of the organics from the precursor. In addition, they also show exothermal 
peaks near 500 ºC as a result of the formation of Y2O3-stabilized ZrO2, which was 
confirmed by XRD results. 
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Figure 6.18 – XRD results of as-dried sol-gel derived powder of series C1, C2 and C3 
 
   Figure 6.18 shows the XRD results obtained on as-dried C1, C2 and C3 series sol-gel 
derived powders. The formation of Zr0.935Y0.065O1.968, (JCPDS/ICDD Powder Diffraction File 
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(PDF) number 01-078-1808) after calcination of the powder, and the presence of ZrO2 
(baddeleyite, JCPDS/ICDD Powder Diffraction File (PDF) number 00-037-1484) from the 
added ZrO2 powder are clearly detected. The XRD results confirmed that introducing 
different amounts of pure ZrO2 powder into the sol-gel process does not influence the 
formation of Y2O3-stabilized ZrO2. In addition, no other crystalline phases are formed.  
   Figure 6.19 shows SEM images and EDS results of fibres coated by C1, C2 and C3 
series ZrO2 powder. EDS indicates deposition of ZrO2 coatings on the alumina fibres using 
the hybrid sol-gel coating process. However, the surface conditions of each series of 
samples are quite different. For example, SEM images show that the coatings obtained by 
C1 and C2 series samples connected all the fibres together to form a “mini-composite”. 
There are “more” cracks observed on the coating surface of the C1 series compared to the 
C2 series. On the other hand, fibres are less homogeneously coated when using the C3 
series powder. There are many cracks and gaps on the coating surface, which could be 
the result of having added an excessive amount of ZrO2 in the mixture which has impaired 
the gelation process.   
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Figure 6.19 – SEM images and EDS results of fibres coated by C1, C2 and C3 series 
ZrO2 powder 
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Figure 6.20 – White light interferometry (ZYGO) results of typical ZrO2 coating made 
from C1, C2 and C3 series 
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Table 6.5 – Surface roughness parameters of C1, C2 and C3 series coatings 
Surface roughness C1 series C2 series C3 series 
25 µm 
gauge length 
along fibre 
direction 
Ra 
(µm) 
6 ± 2 3 ± 1 10 ± 4 
rms 
(µm) 
6 ± 2 3 ± 2 10 ± 3 
25 × 3 µm2 
gauge area 
along fibre 
direction 
Ra 
(µm) 
6 ± 2 3 ± 2 11 ± 4 
rms 
(µm) 
6 ± 2 3 ± 2 11 ± 3 
 
   Figure 6.20 shows the “typical” coating surface condition of C1, C2 and C3 series 
samples obtained by white light interferometry (ZYGO). The coating surface of the C2 
series is smoothest. Compared with C2 series coating, the coating of the C1 series has a 
rougher and more irregular surface. In addition, there are many gaps observed on the 
coating of the C3 series, which shows thus the roughest surface. Table 6.5 shows the 
surface roughness values of these coatings measured by ZYGO. Coatings of the C2 
series have the lowest value of surface roughness, and the C3 series coating has the 
highest value. The high standard deviation of surface roughness indicates that the coating 
surfaces were quite rough and irregular, and contained many gaps. 
 
6.6.4 Coated fibre mechanical properties 
   Based on the results obtained from the coating characterization presented above, the 
optimal route for coating of fibres was selected. The first layer of coating should be 
obtained by using the conditions of B1 series. The parameters used for C2 series coatings 
were selected to deposit the 2nd ZrO2 layer on the fibres. The tensile strength of optimal 
coated fibres was then measured.   
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Table 6.6 shows the fibre tensile strength results of ZrO2 coated fibres. Results for de-
sized fibre (obtained from section 4.4.4) are shown for comparison.  
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Table 6.6 – Fibre tensile strength values of de-sized and coated NextelTM 610 fibres 
 De-sized Coated 
Average tensile 
strength, 𝜎� (MPa) 
1204 1128 
Weibull modulus 
(m) 
3.76 3.34 
Weibull characteristic 
strength, 𝜎0 (MPa) 
1348 1262 
 
   Figure 6.21 shows the probability plot of tensile strength values of de-sized and coated 
NextelTM 610 fibres. The graph shows that there is a slight strength loss (average tensile 
strength) of coated fibres compared to de-sized fibres. It is also interesting to point out that 
the strength distributions of the two types of fibres are similar, indicating that the coating 
process has not introduced “large” defects on the fibre surface. 
 
 
Figure 6.21 – Plot of cumulative fracture probability against fibre tensile strength of 
de-sized and coated NextelTM 610 fibres 
 
   Figure 6.22 shows the Weibull plot of the tensile strength of de-sized and coated 
NextelTM 610 fibres. The coated fibres show a slightly lower Weibull modulus compared to 
that of de-sized fibre. Thus, it can be seen that applying the selected sol-gel coating 
process on NextelTM 610 fibres does not change the fibre’s mechanical properties 
significantly. A slight degradation is observed which can be ascribed to the thermal 
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treatment applied.  
 
 
Figure 6.22 – Weibull plot of the tensile strength values of de-sized and ZrO2 coated 
NextelTM 610 fibres 
 
6.7 Conclusions 
   The results of the microstructural characterization and the mechanical tests of the ZrO2 
coated fibres presented in this chapter confirmed that the selected sol-gel processing route 
is an efficient way to deposit a fairly robust ZrO2 coating on the NextelTM 610 fibre without 
significant tensile strength loss. Especially, the novel hybrid sol-gel coating process 
successfully developed here is able to form thick and homogeneous ZrO2 coatings on fibre 
surfaces. Thus, this sol-gel processing route was employed in this project to produce ZrO2 
coated NextelTM fibres as reinforcement in optomechanical GMCs. 
   The coating method enables the fabrication of “mini-composites”, i.e. formed by a porous 
ZrO2 matrix in which NextelTM fibres are embedded.   
   Optomechanical GMCs reinforced by ZrO2 coated NextelTM 610 fibres were fabricated by 
the composite fabrication process described in Chapter 5. The characterization of these 
optomechanical composites and composite interfaces is presented and discussed in 
Chapter 1. 
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7 Measurement of optomechanical properties and 
results 
7.1 Introduction 
   Achieving increased fracture toughness, enhanced strength and modulus are the main 
reasons for introducing high modulus fibres into brittle ceramic matrices [9]. Therefore, 
incorporation of fibres can improve the properties with respect to those of the matrix, 
especially a glass matrix, which has extremely low resistance to crack propagation [117]. A 
fibre-reinforced GMC that can retain reasonable mechanical properties and optical 
transparency at the same time is called an optomechanical composite and was first 
introduced by a Japanese group [19, 21].  
   In this chapter, a method developed for evaluating the optical properties of 
optomechanical composites is described. A brief review is presented which includes the 
mechanical properties of the composite systems, especially focusing on the interfacial 
properties which are the key factors determining the macroscopic mechanical behaviour of 
the composites. In addition, the methods and techniques used for characterizing the 
properties of optomechanical composites developed in this project will then be presented 
with the results and discussion.  
 
7.2 Development of composite optical transparency 
evaluation 
   The shadow area is a result of the opaque area which is caused by adding opaque fibres 
to the transparent glass matrix. These opaque areas lead to the absorption of light and the 
reduction of light transmittance of the transparent matrices, described by Dericioglu & 
Kagawa [5]. They developed a method to evaluate the composite’s total light transmittance 
(𝑇𝐶∗), i.e. the light transmitted in the composites through the free transparent matrix area, 
also called optical windows. The value of the composites total light transmittance is 
determined by the matrix transmittance (𝑇𝑀 ) and the fraction of shadow area in the 
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composite (2𝑅𝑓/𝑑𝑠), shown in Equation 7.1. 
𝑇𝐶
∗ = �1 − 2𝑅𝑐
𝑑𝑠
� ∙ 𝑇𝑀                                        Equation 7.1 
where: 𝑅𝑓 is the fibre radius 
            𝑑𝑠 is the spacing between the fibres 
   However, this equation only evaluates the optical transparency of unidirectional fibre 
reinforced composites. It is not suitable for the two directional fibre-reinforced composites, 
which were produced and investigated in this project. Therefore, based on this approach, a 
new equation was developed here to evaluate these composites’ optical properties.  
   As shown in Figure 7.1, the shadow area is defined as the opaque area which is caused 
by adding the opaque alumina fibres to the transparent glass matrix. Conversely, the 
matrix area which contributes to the light transmittance is defined as the optical window 
area.  
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Figure 7.1 – Schematic drawing of the composites fabricated in this project  
and the definition of the parameters used for the calculations 
 
   The ratio of the total shadow area to the total composite area (𝑆𝑐) can be used to explain 
the decreasing light transmittance due to the reinforcing opaque fibres. That means the 
light transmittance of the composites is obtained from the optical window area. It can be 
described by Equation 7.2: 
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𝑇𝑐  =  𝑆𝑤𝑆𝑐  𝑇𝑚  =  �1 −  𝑆𝑠𝑆𝑐 �  𝑇𝑚                                  Equation 7.2 
where: 𝑇𝑐 is the light transmittance of the composite 
            𝑇𝑚 is the light transmittance of the unreinforced glass slide 
            𝑆𝑤 is the optical window area 
            𝑆𝑐 is the composite area 
            𝑆𝑠 is the shadow area 
   The surface area of the composite per unit cell (see Figure 7.2) is given by Equation 7.3: 
𝑆𝑐 = 𝑑𝑠2                                                      Equation 7.3 
where: 𝑑𝑠 is the parallel fibre spacing  
 
 
Figure 7.2 – Schematic drawing of the surface area of the composite per unit cell:  
the yellow area is the optical window area, the blue area is the shadow area and the 
area surrounded by red line is the surface area of the composite per unit cell 
 
 
   Similarly, the optical window area per unit can be obtained by Equation 7.4: 
𝑆𝑤 = ( 𝑑𝑠 − 2 𝑅𝑓2 )2                                       Equation 7.4 
where: 𝑅𝑓 is the fibre radius  
   Using the previous equations we can obtain the shadow area per unit by Equation 7.5: 
𝑆𝑠 = 𝑆𝑐 − 𝑆𝑤 = 4 𝑅𝑓  𝑑𝑠 − 4 𝑅𝑓2                             Equation 7.5 
   The normalized light transmittance of the composite (𝑇𝑐/𝑇𝑚) is obtained by substituting 
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Equation 7.3 and Equation 7.5 into Equation 7.2. Then, Equation 7.6 shows the 
normalized light transmittance of the composite. 
𝑇𝑐
𝑇𝑚
 =  1 – 4 ( 𝑅𝑐 𝑑𝑠− 𝑑𝑠2 )
𝑑𝑠
2                                     Equation 7.6 
    
7.3 Experimental procedure 
7.3.1 General considerations 
   In this section, borosilicate GMCs reinforced by NextelTM 610 alumina fibre with or 
without a ZrO2 fibre coating were produced and comprehensively characterised. This ZrO2 
layer was deposited on the fibres by the newly developed hybrid sol-gel coating process, 
described in Chapter 6. 
   The relevant properties of the fabricated composites were evaluated, including the 
optical and mechanical properties. The optical properties of the composites were 
measured on a spectrophotometer, and the results were used to verify the developed 
composite’s optical transparency evaluation method, which is described in section 7.2. 
Three types of mechanical testing were employed in this project, including a 4-point 
bending test, a fibre push-in test and a flat chevron notch test. To understand the level of 
bonding strength between the reinforcing fibres and the borosilicate glass matrix, the 
fibre/matrix interfacial sliding resistance was measured by a fibre push-in test. In addition, 
the composites flexural strength and fracture toughness were measured by a 4-point 
bending test and flat chevron notch test, respectively.  
   The microstructure of the composites were characterised by scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM). The SEM 
characterization was used to observe the fracture surfaces of the bending test samples. 
TEM characterization was used to examine the interfaces between the fibre and coating 
and between coating and matrix, to detect whether a chemical reaction has occurred at 
these interfaces during fabrication.  
   All these tests and the characterization methods employed will be described in detail in 
the following sections.  
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7.3.2 Light transparency measurement 
   Analyses of the optical transparency of the composites with different optical window 
areas (4×4 mm2, 5×5 mm2 and 6×6 mm2) were carried out. Fabricated 1.5 mm thick 
composite samples were analysed and their light transmittance compared to assess the 
influence of the fibres opacity and optical window area on the resulting light transmittance 
of the composites. 
   A Shimadzu UV-3600 UV-VIS-NIR spectrophotometer was employed to determine the 
composites total light transmittance. All composite samples analysed in this stage were 
ground with SiC paper of 180, 220, 320, 500, 800 and 1200 granulometry, and finally 
polished with 3 and 1 µm grain size diamond suspension. Unreinforced blank slides were 
used as the reference measurement (100 % transmittance), to eliminate the noise 
produced by matrix irregularities and to evaluate exclusively the influence of the fibres. 
The measurements were carried out in the visible wavelength range (400 to 800 nm), and 
perpendicular to the fibre plane. Additionally, only composite samples containing a single 
fibre layer were tested in this stage.  
   A new normalized light transmittance evaluating equation was proposed and verified by 
the measured transmittance values on composite samples, which is described in detail in 
section 7.2. 
 
7.3.3 Bending strength test 
   An Instron 4500 Universal Testing machine was employed to carry out the 4-point 
bending strength test, according to British Standard EN 658-3:2002 [118] to measure the 
flexural strength of the composites and unreinforced glass matrix.  
   Figure 7.3 shows the schematic diagram of the bending test samples and loading 
configuration for the 4-point bending test.  
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Figure 7.3 – Schematic diagram of the bending strength test samples and loading 
configurations for 4-point bending [118] 
 
      As the schematic diagram shows (Figure 7.3), the fibres in the composite should be 
located near the bottom surface of the sample (tensile stress side) in order to detect their 
contribution to the composite flexural strength, because fracture initially occurred during 
bending from the tensile stress. With the purpose of complying with this condition, the 
fibres were sandwiched between 1 mm and 2 mm thick borosilicate glass slides when 
fabricating the composite samples. In addition, the sample should satisfy the 
recommended span/thickness ratio of 20, which could ensure that the samples failed 
under tensile loading [9]. Therefore, the fabricated samples’ dimension was approximately 
75 × 13 × 2.5 mm3, which was also attributed to the thickness limitation of the original 
dimension of the glass slide for composite fabrication.  
   Furthermore, all samples were ground by SiC paper (grit 180 to 2400) and polished with 
diamond suspensions with 6, 3 and 1 µm particle size. These surface preparations could 
remove superficial flaws which may cause stress concentration and fracture at lower 
loads. Subsequently, annealing (560 ºC for 15 minutes) was applied to these samples to 
release the possible residual stresses created during surface preparation [42, 48, 79].  
   The composite flexural strength was calculated from the recorded maximum breaking 
load (𝐹𝑚) by Equation 7.9 [118]: 
𝜎𝑓,𝑚 = 3𝐹𝑚𝐿2𝑏ℎ2                                                Equation 7.9 
where: 𝜎𝑓,𝑚 is the final flexural strength 
            𝐿 is the span length (difference between outer and inner span lengths)  
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            𝑏ℎ2 is the cross-sectional area of each sample  
 
7.3.4 Fibre push-in test 
   To detect and estimate the fibre/matrix interfacial friction and the minimum debonding 
energy, the fibre push-in test was employed and carried out by with Dr.-Ing. Dietmar Koch 
and MSc. Jürgen Horvath at the University of Bremen (Bremen, Germany). This method 
has been described previously [67, 119, 120]. A Vickers indenter was employed to test 
polished cross-sectional samples, combined with a Piezo-translator (approximately 2 nm 
of step resolution) and a Piezo load cell (500 N maximum load and approximately 0.5 mN 
accuracy). In addition, an optical microscope was employed to align the fibres and register 
the indentations after testing. Typical indentation times were set to 10 s for the two load-
unload cycles. 
   In this test, mode II was the main fracture mode, which means debonding was treated as 
a propagation of a microcrack under shear conditions. Therefore, the minimum debonding 
energy can be calculated using Equation 7.10, and the interfacial friction can be obtained 
via Equation 7.11 [121]: 2Γ = 𝐹𝐾2
4𝜋2𝑅𝑐
3𝐸𝑐
                                             Equation 7.10 
𝐴 = 𝐹𝑚𝑚𝑚3
24𝜋2𝑅𝑐
3𝜏𝐸𝑐
                                           Equation 7.11 
where: 2Γ is interfacial debonding energy 
            𝐹𝐾 is load when debonding occurs  
            𝑅𝑓 is radius of fibre 
            𝐸𝑓 is E-Modulus of fibre 
            𝐴 is the unload-reload hysteresis area in the force-displacement graph 
            𝐹𝑚𝑎𝑚 is the maximum load of hysteresis curve 
            𝜏 is the interfacial shear strength, equivalent interfacial frictional stress, i.e. sliding 
resistance 
   Figure 7.4 shows a schematic diagram of the push-in test experimental set-up available 
at University of Bremen (Germany) and used in this project [122]. 
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Figure 7.4 – Schematic diagram of the push-in test experimental set-up [122]  
 
7.3.5 Flat chevron notch (FCN) technique – fracture toughness 
   The flat chevron notch (FCN) technique was used to measure the fracture toughness of 
the composite specimens. The tests were carried out by Dr I Dlouhy at the Institute of 
Physics of Materials of the Academy of Sciences of the Czech Republic (Brno, Czech 
Republic). Figure 7.5 shows the schematic diagram of the flat chevron notch (FCN) 
technique for the measurement of fracture toughness. It can be seen that the tensile forces 
are applied in the direction perpendicular to the fibre plane on samples notched at the 
interfacial plane. The dimension of the chevron notch in the investigated samples was 
10 mm×10 mm×2.75 mm. A diamond wheel with the thickness of 0.15 mm was used to cut 
the 90º chevron notch on the sample. The thickness of the chevron notch was not higher 
than 0.2 mm. The experimental set-up is shown in Figure 7.6. 
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Figure 7.5 – Schematic diagram of the flat chevron notch technique for the 
measurement of fracture toughness. The dashed line represents a possible fracture 
plane during sample loading (courtesy of Dr I. Dlouhy, Institute of Physics of 
Materials, Brno, Czech Republic) 
 
 
Figure 7.6 – Experimental set-up for the flat chevron notch technique for 
measurement of composites fracture toughness (courtesy of Dr I. Dlouhy, Institute 
for Physics of Materials Brno, Czech Republic) 
 
   The fracture toughness was calculated by the Equation 7.12 [24, 123]: 
𝐾𝐼𝑐 = 𝑌𝑚𝑐𝑚∗ 𝐹𝑚𝑚𝑚𝐵𝑊1/2                                                  Equation 7.12 
where: 𝐾𝐼𝑐 is the fracture toughness  
           𝑌𝑚𝑐𝑛∗  is the geometrical function calculated by finite element analysis 
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           𝐹𝑚𝑎𝑚 is the maximum force at fracture in the load versus displacement curve 
            𝐵 and 𝑊 are the sample dimensions width and length calculated  
 
7.3.6 Transmission electron microscopy 
   To characterize the fibre/matrix interface, TEM analysis was employed. TEM was carried 
out in a JEOL 2000 FX electron microscope. All samples were prepared by using a 
focused ion beam technique (FIB) in a FEI FIB TEM 200 workstation, with a gallium ion 
source. Bombarding the surface with the ions emitted by the source allows for either 
imaging or milling of the samples, depending on the current employed.  
   For the FIB preparation of TEM samples, polished cross-sectional samples were initially 
prepared, which were then gold-coated and mounted into the equipment, under high 
vacuum. Imaging was initially carried out using low currents (30 – 50 pA), and the 
interfacial areas of interest were selected. TEM samples were then cut by progressive FIB 
milling of localized areas, under higher currents (300 pA), thinning the section down to a 
thickness of approximately 100 nm. Final polishing of the TEM section was done using 
intermediate currents (~ 100 pA). The polished section was then lifted from its cavity by a 
glass needle, under the light microscope, and mounted onto a TEM grid. Figure 7.7 shows 
SEI/SEM images of the FIB prepared TEM samples for characterizing the alumina/ZrO2 
interface and borosilicate/ZrO2 interface.  
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Figure 7.7 – SEI/SEM images of FIB prepared TEM samples for investigating 
interfaces (a) alumina/ZrO2 interface and (b) borosilicate/ZrO2 interface  
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7.4 Results and discussion 
7.4.1 Optical transparency 
   Figure 7.8 shows a digital image of a polished composite sample and Figure 7.9 shows 
the measured light transmittance values of samples of the A4 series. It can be observed 
that composite samples with the largest optical window area, 6×6 mm2, could retain more 
than 50 % of the light transmittance compared with unreinforced glass slides (the matrix). 
In addition, the light transmittance of the composite drops with decreasing optical window 
area. Obviously, the alumina fibres used to reinforce the material form opaque areas in the 
composite. These shadow areas lead to a decrease in the light transmittance. The 
relationship between the light transmittance and the optical window area is important for 
evaluating the optical properties of the composite, (discussed in section 7.2).  
 
 
Figure 7.8 – Digital image of a typical polished composite sample, including optical 
transparency 
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Figure 7.9 – Light transmittance of the matrix and A4 series composite samples with 
different optical windows (4x4 mm2, 5x5 mm2 and 6x6 mm2) 
 
   The measured normalized light transmittance of the composites was used to verify 
Equation 7.6. The measured normalized light transmittance value for two different 
wavelengths, 400nm and 700nm, are plotted in Figure 7.10 against 4 ( 𝑅𝑓  𝑑𝑠 −  𝑑𝑠2 )/ 𝑑𝑠2 
together with the values of normalized light transmittance calculated by Equation 7.6. 
Figure 7.9 reveals that the light transmittance decreases with increasing  4 ( 𝑅𝑓  𝑑𝑠 − 𝑑𝑠2 )/ 𝑑𝑠2. Hence, it is confirmed that light transmittance of this type of composite can be 
estimated by knowing the shadow area. The measured light transmittance values follow 
the trends of the calculated light transmittance obtained by Equation 7.6. However, the 
values of measured light transmittance are slightly lower than the calculated values, which 
may be explained by the presence of impurities in the composite matrix (e.g. air bubbles) 
and the presence of micro-cracks on the surface due to the surface treatment process.  
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Figure 7.10 – Calculated and experimental values of normalized total transmittance 
versus normalized shadow area showing the decrease in light transmittance of the 
composite with increasing shadow area 
 
7.4.2 Flexural strength 
   Borosilicate GMCs reinforced by NextelTM fibres were initially tested by the 4-point 
bending test [184], to measure the flexural strength. Due to the different fibre orientations 
(0 / 90 º & ± 45 º) and the different fibre spacing (from 4 × 4 to 6 × 6 mm2) used, composite 
samples with varying fibre content were fabricated for testing, and their flexural strengths 
compared and also to the values of the unreinforced matrix sample processed under the 
same conditions.  
   To preserve the matrix light transmittance, the smallest fibre spacing employed in this 
project was 4 × 4 mm2. It is known [25] that the larger the fibre spacing (i.e. the lower the 
fibre content), the less the improvement of flexural strength of composites. Therefore, the 
largest fibre spacing employed in the project was 6 × 6 mm2, whilst a fibre spacing of 
5 × 5 mm2 was also investigated. Table 7.1 shows the equivalent fibre content (vol. %) for 
composite samples investigated with different fibre orientations and fibre spacings for one 
fibre layer. Composite samples with ± 45 º fibre orientation have slightly higher fibre 
content compared to those of composite samples with 0 / 90 º fibre orientation of the same 
fibre spacing.  
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Table 7.1 – Fibre content for NextelTM fibre-reinforced borosilicate GMC samples 
(one fibre layer) investigated with different fibre orientation and fibre spacing 
Composite type Fibre orientation 
Fibre spacing 
(mm2) 
Fibre content 
(vol. %) 
NextelTM fibre / 
borosilicate glass 
0 / 90 º 
4 × 4 1.54  
5 × 5 0.87  
6 × 6 0.52  
± 45 º 
4 × 4 1.61  
5 × 5 0.94  
6 × 6 0.58  
 
   Figure 7.11 shows the flexural strength testing results of NextelTM fibre-reinforced 
borosilicate GMCs and an unreinforced borosilicate glass matrix fabricated under the 
same conditions. Compared to the nominal flexural strength of Schott Borofloat® 33 
(25 MPa), the tested unreinforced borosilicate glass matrix shows a similar strength level 
(31 ± 9.4 MPa). This indicates that the fabrication process does not impair to the flexural 
strength of the borosilicate glass matrix. The lower the fibre content, the lower the flexural 
strength of the composite samples (as expected) with 0 / 90 º fibre orientation. In 
composite samples with ± 45 º fibre orientation, the relationship between fibre content and 
flexural strength shows a similar trend to that of the 0 / 90 º samples. The values of the 
flexural strength of the ± 45 º samples are close to but slightly higher than that of those 
0 / 90 º samples. Moreover, all the tested values are higher than the values of the 
unreinforced borosilicate glass matrix, which indicates the enhancement on the flexural 
strength of the composites by introducing NextelTM fibres.  
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Figure 7.11 – Flexural strength results of NextelTM fibre reinforced borosilicate 
GMCs and unreinforced borosilicate glass matrix fabricated under the same 
conditions 
 
   Although these composites have higher fibre content compared to similar composite 
samples with unidirectional fibre orientation investigated by Desimone et al. [25], the 
improvement is limited. Because only the 0 º fibres contribute to the flexural strength in 
0 / 90 º samples, the values of flexural strength of these composite samples is similar to 
those of unidirectional samples. Due to the relatively higher fibre content, a slightly higher 
flexural strength of the ± 45 º samples compared to that of the 0 / 90 º samples is obtained, 
except in the 4 × 4 mm2 sample series. Although the composite’s flexural strength is 
improved, the enhancement is small, which can be attributed to the limited and relatively 
low fibre/matrix interface area, possibly due to poor infiltration of fibre tows by the glass 
during sintering. This poor infiltration can be observed in both 0 / 90 º samples and ± 45 º 
samples under SEM, as shown in Figure 7.12.  
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Figure 7.12 – SEM images of the fracture surfaces of NextelTM fibre-reinforced 
borosilicate GMCs upon 4-point bending strength test. Images (a) and (a1) show the 
0 / 90 º samples at low and high magnification. Images (b) and (b1) show the ± 45 º 
samples at low and high magnification 
 
   Fibre bundles were infiltrated incompletely by the glass matrix in both cases and only the 
outer fibres in the bundle became embedded in the matrix (Figure 7.12 (a) and (b)). 
Therefore, increasing the number of fibre tows (decreasing fibre spacing) can increase the 
fibre/matrix interface area. In addition, it can also be seen at high magnification that the 
outer fibres and the matrix were broken due to the strong interfacial bonding between the 
fibre and matrix in both cases (Figure 7.12 (a1) and (b1)). Fibre pull-out occurs in the inner 
fibres, which were not infiltrated by the matrix. Although the number of pulled-out filaments 
observed was limited, they still hold the shattered glass together during fracture in some 
cases, which prevents catastrophic fracture, so that the composites did not break into 
pieces (see Figure 7.13). Hence, a favourable “fail-safe” behaviour of the composite was 
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achieved.  
 
 
Figure 7.13 – Digital image of crack bridging by the fibres  
and evidence of fibre pull-out 
 
   During composite fracture, energy dissipation occurs at the fibre/matrix interfacial area. 
Therefore, an improved fibre/matrix interface will affect the composite’s mechanical 
properties. The ideal condition is that all fibre filaments are weakly bonded to the matrix. 
Then cracks propagate along the interfaces and debonding of the fibres takes place 
instead of cracks propagating freely through the matrix and reinforcement. In addition, the 
highest toughness increment is obtained due to the fibre pull-out. 
   Complete infiltration of the fibre tows by the viscous glass matrix is difficult to achieve. 
Therefore, a “mini-composite” concept was considered in this project, which is obtained by 
depositing a ZrO2 coating layer on the fibre tows (see Chapter 6). The  
mini-composites of ZrO2 coated NextelTM 610 fibres were fabricated and used to reinforce 
the borosilicate glass matrix. The concept of mini-composite reinforced CMCs or GMCs 
has been originally proposed by Dericioglu & Kagawa [5, 19, 21] (see section 2.2.1). 
   Because of the weaker interfaces provided by the interfacial coatings in oxide-oxide 
composites, both fibre debonding and the avoidance or limitation of extensive reactions 
between fibre and matrix are achievable. Therefore, these interfacial coatings have been 
exploited comprehensively in CMCs and GMCs [63]. In order to infiltrate the fibre bundles 
and provide adequate interfacial properties as well as a greater interfacial area for 
debonding and crack deflection, ZrO2 coatings fabricated by the sol-gel process (see 
section 6.5.1) were investigated in the present work. Table 7.2 shows the equivalent fibre 
content (vol. %) for composite samples reinforced by ZrO2-coated NextelTM fibres with 
different fibre orientations and fibre spacings. 
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Table 7.2 – Fibre content of ZrO2-coated NextelTM fibre reinforced borosilicate GMC 
samples investigated with different fibre orientations and fibre spacings 
Composite type Fibre orientation 
Fibre spacing 
(mm2) 
Fibre content 
(vol. %) 
ZrO2 coated 
NextelTM fibre / 
borosilicate glass 
composites 
0 / 90 º 
4 × 4 1.57  
5 × 5 0.89  
6 × 6 0.54  
± 45 º 
4 × 4 1.65  
5 × 5 0.96  
6 × 6 0.61  
 
   Figure 7.14 shows the flexural strength results for ZrO2-coated NextelTM fibre-reinforced 
borosilicate GMCs revealing that the higher the fibre content, the higher the composite 
flexural strength in both fibre orientations. The flexural strength of the ± 45 º samples was 
seen to be slightly higher than that of the 0 / 90 º samples. Introducing the ZrO2 coating 
into the composite system should facilitate the occurrence of fibre pull-out and crack 
bridging. SEM images of fracture surfaces of NextelTM fibre-reinforced borosilicate GMC 
after 4-point bend testing are shown in Figure 7.15.  
 
 
Figure 7.14 – Flexural strength results of ZrO2 coated NextelTM fibre-reinforced 
borosilicate GMCs of different fibre directions 
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   From Figure 7.15, it can be seen that complete fibre tows have been almost pulled-out 
from the matrix after introducing the ZrO2 coated fibres. At high magnification, it is hard to 
find fibre filaments which were broken together with the matrix. This is attributed to the 
relatively weak bonding formed by introducing the ZrO2 coating between the fibre and the 
matrix. The EDS result confirms the presence of ZrO2 on the fibre surface. 
   Based on the favourable fibre pull-out effect achieved, it can be postulated that fibres 
hold the shattered glass together during fracture, especially in the 0 / 90 º samples, which 
prevents the composites from failing into pieces. In the ± 45 º samples, the fibres were 
broken after pulling-out from the matrix (see Figure 7.16 (a)). On the other hand, most of 
the fibres can be pulled-out entirely from the matrix in the 0 / 90 º samples (see Figure 
7.16 (b1) and (b2)).  
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Figure 7.15 – SEM images of fracture surfaces of ZrO2 coated NextelTM fibre-
reinforced borosilicate GMC upon 4-point bending test. Images (a) and (a1) show 
the ± 45 º samples at low and high magnification with EDS results. Images (b) and 
(b1) show the 0 / 90 º samples at low and high magnification with EDS results 
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Figure 7.16 – Digital images of cracked samples. Image (a) shows the broken fibres 
after pulling-out from the matrix in the ± 45 º samples, images (b1) and (b2) show the 
fibres are holding the scattered glass together and are entirely pulled-out from the 
matrix in the 0 / 90 º samples, respectively 
 
   Figure 7.17 shows two typical force vs. displacement curves of composites reinforced by 
coated and uncoated fibres (0 / 90 º, 4 × 4 mm2) during flexural strength test. Due to the 
low fibre content, a brittle behaviour was observed indicating that the glass matrix fracture 
led to catastrophe failure of the composite specimen in both cases.  
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Figure 7.17 – Typical force vs. displacement curves of flexural strength test 
 
   Figure 7.18 shows the average flexural strength values of composites reinforced by 
NextelTM fibres, with and without ZrO2 coating. The mean values of the flexural strength 
and the standard deviations are shown in Table 7.3.  
 
 
Figure 7.18 – Flexural strength values of NextelTM fibre-reinforced borosilicate 
GMCs, with and without ZrO2 coating 
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Table 7.3 – Flexural strength values and standard deviations of NextelTM fibre-
reinforced borosilicate GMCs, with and without ZrO2 coating 
Composite 
type 
Fibre 
orientation 
Fibre 
spacing 
(mm2) 
Flexural 
strength 
(MPa) 
Standard 
deviation 
(MPa) 
NextelTM fibre / 
borosilicate 
glass 
0 / 90 º 
4 × 4 47 19 
5 × 5 37 12 
6 × 6 38 14 
± 45 º 
4 × 4 41 12 
5 × 5 38 6 
6 × 6 39 10 
ZrO2 coated 
NextelTM fibre / 
borosilicate 
glass 
0 / 90 º 
4 × 4 55 9 
5 × 5 46 10 
6 × 6 45 9 
± 45 º 
4 × 4 56 7 
5 × 5 48 7 
6 × 6 47 8 
 
   A significant increment of flexural strength by introducing ZrO2 coating is observed, the 
highest improvements in flexural strength of 24.0% and 36.5% were observed for the 
0 / 90 º samples and the ± 45 º samples respectively. The lower values of standard 
deviation are obtained for the ZrO2 coated fibre-reinforced GMCs compared to those of 
uncoated fibre reinforced GMCs. Analysis of the flexural strength of the composite systems 
investigated in the present work showed that the favourable mechanical properties were 
obtained in ZrO2 coated NextelTM fibres-reinforced borosilicate GMCs.  
 
7.4.3 Fracture toughness 
   To investigate quantitatively the composite fracture toughness, the chevron notch 
technique was applied to evaluate the effect of the interface between the fibre bundles and 
matrix. All the samples were cut by using a diamond wheel to 10×10 mm2 squares. The 
samples retained the original thickness (2.75 mm). The localisations of cuts (notches) 
were selected with the aim to prepare three specimen sets labelled as A, B and C (see 
Figure 7.19). Specimens “A” exhibit the fibre bundles crossing at critical distance from the 
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chevron notch tip (it is supposed that exactly in this position the maximum load on load 
deflection trace is reached). The obtained value, therefore, could show the effect of the 
fibre crossing on the interface crack initiation but no effect (or some limited) would be 
observed on fibres on the following crack propagation. Specimens “B” had fibre bundles 
parallel to the crack tip. The obtained fracture toughness value should reveal the effect of 
the fibre bundle on the interface crack initiation but no effect (or some limited) of fibres 
could be observed on the following crack propagation. Finally, specimens “C” had the fibre 
bundles crossing and fibre bundles parallel to the crack tip at a critical distance from the 
chevron notch tip. The obtained value could show the effect of the crossing and fibre 
bundles on the interface crack initiation and, additionally, the possible effect of fibre bundle 
(interface) on crack propagation direction could be assessed.  
 
Figure 7.19 – Digital images of prepared chevron notch specimens in three different 
types (A, B and C) 
 
   All sides of the samples were polished to obtain rectangular samples accurately. Then 
the chevron notch was cut in the plane of the fibres using a precise saw and a diamond 
wheel with a thickness of 0.15mm. Figure 7.20 shows the overview of the samples 
localisation in the as-fabricated and polished composite samples.  
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Figure 7.20 – Overview of samples localisation for chevron notch specimens in  
as-fabricated and polished composite samples 
 
   Specimens were then glued by epoxy resin to aluminium holders (hard/rigid at room 
temperature) and cured (holding time 15 minutes at temperature 150 ºC). Figure 7.21 
shows an example of the GMC sample glued to aluminium holders.  
 
Figure 7.21 – Digital images showing GMC samples glued to aluminium holders for 
chevron notched specimens experiments 
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   For testing, a low capacity load cell (5 kN) was used and the cross-head speed was 
0.001 mm/min at room temperature (around 22 ºC). The chevron notch mouth opening 
displacement was measured by digital image correlation analysis (a non-contact optical 
measurement method). Finally, the load vs. displacement curves were obtained. The 
sample dimensions were measured after the test. The fracture area was investigated for 
regular chevron notch behaviour and documented with a digital camera using an optical 
stereo-microscope to measure the chevron notch depth by image analysis. For the 
specimen geometry used, a finite element calculation was carried out to obtain the 
corresponding set of values of the geometrical function 𝑌𝑚𝑐𝑛∗  corresponding to different 
chevron notch depth values and specimen geometry. The FEM calculation confirmed that 
the critical condition for the fracture load was reached, it is known that there are critical 
crack length values (measured from the specimen surface) which represent the condition 
for unstable conversion of crack propagation [24, 123]. 
Figure 7.22 shows typical force vs. displacement curves obtained during chevron notch 
tests of composite samples. It was observed that due to the low fibre content catastrophic 
failure occurred with matrix fracture developing prior to the overall failure of the specimen.  
 
 
Figure 7.22 – Typical force vs. displacement curves of chevron notch tests for the 9 
specimens investigated   
 
   Table 7.4 shows the specimen identification and the summary of the test results. 
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Table 7.4 – Specimen identification and summary of the chevron notched specimens 
results 
 
 
   Figure 7.23 shows the graphical representation of the fracture toughness of the four 
types of specimens (samples code is shown in the figure).  
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Figure 7.23 – Graphical representation of fracture toughness data of four types of 
specimens investigated. A, B and C are prepared chevron notch specimens, D is 
glass matrix 
 
   The results indicate that there is no effect of initial sample plate and of localisation of the 
notch in the sample plate on the fracture behaviour of the same configuration, i.e. fracture 
toughness values reached practically the same level independent of the sample plate 
selection (P41, P52 or P61). This result might be related to the similar relatively low fibre 
content in all tested samples. There is large scatter of fracture toughness data 
corresponding to the same configuration of the sample (fibre bundle localisation relative to 
the critical crack length). The scatter depends mainly on the interaction of the crack with 
the fibre bundle and, in addition, to the area of fibre bundles in the fracture plane. The 
fracture surfaces show that the outer fibres in the bundle remained attached to the matrix 
after testing (see Figure 7.24 (a)). This might be related to a relatively strong bonding 
between the glass matrix and the outer fibres in the bundle, possibly enhanced by 
mechanical interlocking between coating and matrix, which could be attributed to the 
relatively rough surface of the ZrO2 coating. In addition, this mechanical bonding seems to 
be stronger than the weak bonding achieved between the ZrO2 coating and fibre filaments 
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inside the bundles. Therefore, the inner fibres break apart from the bundle before the outer 
fibres are debonded from the matrix during testing. Fracture surface analyses have shown 
that the cracks run predominantly along the fibre/matrix interface, the fibre bundle is 
usually on one of both specimen halves (see Figure 7.24 (b)).  
 
 
Figure 7.24 – Digital images of fracture surfaces of chevron notched specimens.  
Image (a) is sample P41_5 and image (b) is sample P41_2 
 
   No significant quantitative effect of the fibre bundles presence on sample fracture 
toughness was expected. The results on the other hand indicate that the presence of fibre 
bundles has no larger detrimental effect, except for the larger scatter of data that can be 
observed in the presence of fibre bundles crossing the crack initiation position. The 
crossing of fibre bundles may form the critical location for fracture initiation. The results of 
the chevron notch technique also indicate that there is not enough interfacial area for 
toughening mechanisms to be highly effective due to the relative low fibre contents of the 
composites investigated in the present work. In addition, in sufficient energy dissipation 
has occurred at a significant level to improve the fracture toughness of the material.  
7.4.4 Interface characterisation 
   The fibre/coating and coating/matrix interfaces were investigated by TEM analysis, to 
understand whether or not strong interfaces may have formed due to excessive chemical 
reaction during fabrication. Figure 7.25 shows a TEM image of a region between the ZrO2 
coating and NextelTM 610 alumina fibre, showing that a fine interface was formed, with no 
evidence of formation of an intermediate layer. 
   Figure 7.26 shows EDS X-ray maps of selected elements (O, Zr and Al, the main 
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elements of the materials) on the interfacial region between the ZrO2 coating and NextelTM 
610 alumina fibre, which is obtained from area analysis. Oxygen was present over the 
whole area, but slightly more concentrated in the ZrO2 coating side as expected. Most of 
aluminium was concentrated in the NextelTM fibre side, but limited aluminium diffused into 
the ZrO2 coating side. The EDS line profile obtained from the line analysis also gave the 
same result (Figure 7.27).  
  
  
Figure 7.25 – TEM image of the interfacial region between ZrO2 coating and NextelTM 
610 alumina fibre. The red line indicates the position of EDS line analysis; the blue 
square indicates the position for EDS area analysis. 
 
 
Figure 7.26 – EDS X-ray maps of selected elements on the interfacial region between 
ZrO2 coating and NextelTM 610 alumina fibre 
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   Clearly, no chemical reaction zone was formed. This result indicates that there is no 
chemical bonding formed between the ZrO2 coating and the NextelTM fibre, as EDS area 
analysis and line analysis detected no elemental diffusion at the interface region.  
 
 
Figure 7.27 – EDS Line profiles of selected elements on the interfacial region 
between ZrO2 coating and NextelTM 610 alumina fibre 
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   Figure 7.28 shows a TEM image of the interface region between ZrO2 coating and 
borosilicate glass matrix, revealing that a well-defined interface formed, and showing no 
evidence of the formation of an intermediate layer. Some voids can be observed on the 
ZrO2 coating side, which could be cracks on the ZrO2 coating formed during the sol-gel 
coating process (e.g. upon drying). 
 
Figure 7.28 – TEM image of the interfacial region between ZrO2 coating and 
borosilicate glass. The red line indicates the position for EDS line analysis; the blue 
square indicates the position for EDS area analysis 
 
 
Figure 7.29 – EDS X-ray maps of selected elements on the interfacial region between 
the ZrO2 coating and the borosilicate glass matrix 
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   Figure 7.29 shows EDS X-ray maps of selected elements (O, Zr and Si, the main 
elements present in the materials investigated) at the interfacial region between the ZrO2 
coating and the borosilicate glass matrix, which are obtained from area analysis. It can be 
seen from the results that oxygen was present in the whole area as expected. Silicon was 
concentrated on the borosilicate glass side. Zirconium was detected in the ZrO2 coating 
side, no diffusion of zirconium into the glass matrix was detected. The line profile obtained 
from the line analysis provides similar results (See Figure 7.30).  
   There is no chemical reaction zone observed at the interface. This indicates that there is 
no chemical bonding formed between the ZrO2 coating and borosilicate glass. EDS area 
analysis and line analysis were employed to detect the element diffusion at the interface 
region.  
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Figure 7.30 – EDS Line profiles of selected elements at the interfacial region 
between ZrO2 coating and borosilicate glass matrix 
 
   Composite samples with coated and uncoated fibres were tested in Push-In mode to 
investigate debonding behaviour between the fibre and matrix. The Vickers geometry of 
the indenter induced a pyramid shaped indentation in the fibres. Generally, fibres should 
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debond before fracture of fibres is observed. However, during testing this group of 
samples, the fibres always failed at a “very low loading force” before debonding.  
   Figure 7.31 shows the force vs. displacement curves obtained in a typical push-in test on 
specimens with uncoated fibres, showing also the digital image of a broken fibre after a 
push-in test on specimens with coated fibres. The maximum measured load was 0.11 N.  
 
 
Figure 7.31 – (a) Force vs. displacement curve during push-in test on specimens 
with uncoated fibres; (b) digital image of broken NextelTM fibre after push-in test on 
specimens with coated fibres 
 
   The composite samples investigated in this project are different to other GMCs 
reinforced by single fibres, such as sapphire fibres-reinforced GMC investigated earlier 
[25], because NextelTM 610 fibre filaments were embedded in the matrix as a bundle rather 
than a single fibre. Moreover, the diameter of the single NextelTM 610 fibre filament (10-
12 µm) is much lower than that of the single sapphire fibre (150 µm). The whole fibre 
bundles are expected to contribute to the improvement of composite properties. Due to the 
poor infiltration of glass matrix into the fibre bundle (shown in Figure 7.12), some gaps 
remain between each filament inside the bundle. In this case, when the indenter applied a 
load to an outer single filament in the bundle, the tested filament may deform at the gap, 
because the filament in this case would not be fully embedded into the matrix with the gap 
providing some space for the deformation of filaments. Due to the flexibility and relatively 
low compressive strength of NextelTM 610 filaments (compared to the strong chemical 
bonding at the fibre/matrix interface), it is more likely that single filaments would not be 
strong enough to bear the compressive load and they would fracture before debonding 
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occurred (see Figure 7.32). In addition, the initial clamping stress generated upon 
processing and the fibre surface roughness could contribute to this low loading force.  
 
 
Figure 7.32 – Schematic diagram of the fracture of outer NextelTM 61- fibre filament 
in the bundle after push-in load applied 
 
   Conversely, when sapphire fibres were used to reinforce glass matrices [25], single 
sapphire fibres were fully embedded into the matrix. The whole fibre can be tightly 
wrapped by the matrix and there is no space for fibre deformation. With the relatively 
better compressive strength of sapphire fibre compared to that of single NextelTM  610 fibre 
filaments, the single sapphire fibre carried more load until debonding occurred rather than 
fibre fracture (see Figure 7.33), as discussed by Desimone [25].   
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Figure 7.33 – Schematic diagram of the debonding of sapphire fibre after push-in 
load applied 
 
   Figure 7.34 shows a typical force vs. displacement curve obtained during a push-in test 
on specimens with coated fibres, showing also the digital image of a broken fibre after 
push-in testing of specimens containing coated fibres. The maximum measured load was 
0.09 N.  
 
 
Figure 7.34 – (a) Force vs. displacement curve during push-in test on specimens 
with coated fibres; (b) digital image of broken NextelTM fibre after push-in test on 
specimens with coated fibres. 
 
   Similarly as discussed above, the coated fibre bundles, as mini-composites, introduced 
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into the glass matrix as reinforcements had some gaps inside the coated bundle which 
enable filament deformation due to the cracks on the coating. Additionally, a mechanical 
bond was present at the coating/matrix interface, due to the roughness of the coating 
surface. Although the mechanical bonding was “relatively lower” than the chemical bonding 
at the fibre/matrix interface, the mechanical bonding was “still stronger” than the 
compressive strength of the single fibre filament. Therefore, the filament fractured before 
debonding occurred. 
   In this case, the push-in test on the single filament is not valid for investigating 
debonding behaviour between the fibre and matrix in this type of GMC.  
 
7.5 Conclusions 
   Analysis of the optomechanical properties was carried out on the developed NextelTM 
610 fibre reinforced borosilicate GMCs. Optical transparency characterization, revealed 
that, although the composites exhibit a small optical window area, the composite’s ability 
to transmit light in the visible wavelength region is not significantly impaired. A geometry-
based equation was derived to predict the light transmittance of composites with different 
optical window areas.  
   It has also been confirmed that composites reinforced by NextelTM fibre with a 
homogeneous zirconium oxide coating exhibited improved flexural strength and evidence 
of crack bridging and limited fibre pull-out during fracture. Due to increased flexural 
strength, improved fracture toughness, enhanced structural integrity and transparency, the 
composites become a new family of inorganic transparent engineered materials with 
potential applications in security, glazing and armour structures, as well as impact and 
high temperature resistance transparent panels.  
   Due to the significantly lower fibre contents of the model composites compared to those 
of commercially-available fibre-reinforced composites, excellent mechanical properties, 
suggested by the results, would be achieved by introducing reinforcements at higher 
contents, which will be discussed in Chapter 8. 
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8 Conclusions and recommendations for future 
work 
8.1 Conclusions 
   Fibre-reinforced GMCs exhibiting light transmittance were developed and characterized 
in this research project. NextelTM 610 fibre was used as reinforcement in a borosilicate 
glass matrix. A comprehensive characterisation of the fibres was carried out to gain an 
understanding of the initial properties of the reinforcement and how these can be affected 
by the processing parameters. The composite fabrication process was optimized to 
minimize the composite transparency loss and the shape change during composite 
fabrication. The developed processing technique led to dense transparent GMCs with one 
layer of multi-directional fibre reinforcement. In order to achieve improved mechanical 
properties, the effect of introducing a ZrO2 interface between the fibres and the glass 
matrix was also investigated. A novel hybrid sol-gel dip-coating process was developed for 
depositing a smooth and crackless ZrO2 layer onto the NextelTM 610 fibres, forming a 
“mini-composite”, which was used as reinforcing element. The optomechanical properties 
of composites containing coated and uncoated fibres were compared and the interfaces 
characterised.  
   To preserve the optical transparency of the composites, the fibre contents were 
restricted. Composites were produced exhibiting periodical square windows formed by the 
fibres of 4×4, 5×5 and 6×6 mm2 containing both NextelTM fibres in the as-received state or 
in the ZrO2/NextelTM fibre mini-composite system. Visible light transmittance of these 
composites was in the range between 30% and 60%, compared to the unreinforced glass 
matrix. In addition, a geometry-based analytical equation for predicting the light 
transmittance of the composites with different optical window areas was derived and 
verified by measured light transmittance values. 
   Introducing ZrO2-coated NextelTM 610 fibres in a borosilicate glass matrix improved the 
mechanical properties of the resulting GMC. Although the composite did not exhibit a 
significant increase in fracture strength, fail-safe behaviour, e.g. a certain degree of fibre 
pull-out and crack deflection were observed during bend testing of the composites and the 
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reinforcing fibres hold the shattered glass together, preventing the GMCs from failing 
catastrophically, as in the case of unreinforced matrix or uncoated fibre-reinforced 
composites. 
   The fracture toughness of the composite reinforced by multi-direction fibres was 
investigated by the chevron notch technique. Evidence of crack deflection was observed 
on the fracture surfaces of ZrO2-coated fibre-reinforced composites, although no effective 
increase in fracture toughness was measured due to the relatively low fibre volume 
fractions investigated in these model composites. In addition, the test results confirmed 
that there is not enough fibre/matrix interfacial area for toughening mechanisms to be 
highly effective. Both of these could be attributed to the relatively low fibre contents of the 
composites investigated in the present work, although the ZrO2 interface created 
favourable conditions for the occurrence of toughening mechanisms. Indeed, increasing 
the fibre volume fraction, using the NextelTM-ZrO2 mini-composites developed here, is one 
of the suggested tasks for the future (see below). Moreover, the results of TEM analysis 
indicated that there is no chemical reaction zone observed at the interface, i.e. no 
chemical bonding is formed between the ZrO2 coating and borosilicate glass and between 
the ZrO2 coating and NextelTM 610 fibres. This result suggests the high potential of the 
“mini-composite” approach to develop optomechanical composites. 
   In summary, the development of model optomechanical composite material at an 
experimental level has been presented. Recommendations for future work in the field 
which should be carried out for further development of the composite for realistic 
applications are presented in section 8.2. 
 
8.2 Recommendations for further developments 
   As described above, the present work has investigated at a laboratory level the 
fabrication and characterization of a new family of optomechanical composites based on 
borosilicate glass matrices and multi-directional fibre reinforcements (NextelTM 610 fibres). 
The results achieved provided valuable information for the further development of the 
materials investigated with the ultimate aim being to develop transparent composites with 
high toughness and structural integrity with realistic dimensions for practical applications. 
Based on the results obtained, the following topics are thus recommended for further 
investigation: 
1) Further improvement of the interfacial properties 
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   The fibre/matrix interface properties are the key factors for improving the mechanical 
behaviour of brittle matrix composites. Therefore, optimization of the interfaces of the 
composite is important for achieving the crucial aim of high toughness and fracture 
strength. The results of the fibre tensile testing carried out in this project showed that the 
thermal treatment employed for consolidation of the ZrO2 layer led to some strength loss of 
the NextelTM 610 fibres (see section 6.6.4). Hence, consolidation of the ZrO2 coating at 
lower temperatures is recommended for future studies, in order to confirm the effect of the 
thermal treatment on the microstructure and tensile strength of the coated fibres.  
   In the present work, the morphology of the coating was primarily investigated and the 
surface roughness of the specific area of the coating was measured by a ZYGO NewView 
5000 white light interferometer (see section 6.6.4). Further investigation of the whole 
coating surface roughness and porosity is crucial, however, to provide valuable information 
of the influence of coating roughness on the interfacial behaviour, in order to control the 
fibre/matrix interface and improve the composites mechanical behaviour.  
   Further development of the fibre push-out test to be used in mini-composite-reinforced 
GMC remains an important area of future research to investigate debonding behaviour 
between the fibre and matrix in this type of GMCs.  
2) Further improvement of the composite fabrication process 
   In the present work, the reinforcements (fibres and mini-composites) were arranged 
manually between the glass slides during the composite fabrication process for obtaining 
the final composites exhibiting an optical windows structure. This method was simple and 
convenient in laboratory scale manufacturing. On the other hand, manual arrangement of 
fibres represents a difficulty in keeping the same size of each optical window throughout 
the composite surface. Therefore, woven fibre mats could be investigated in future work; 
which would be expected to provide a uniform optical window area possibly adding extra 
reinforcement due to the weave technique.  
   To accompany the use of woven fibres as reinforcement into composites, the fibre 
coating process should be modified to fit the reinforcing fabric. Due to the multi-directional 
fibres present in a weave, a dip-coating process based on the sol used in this project might 
not be suitable for depositing the inert (ZrO2) interfacial layer. Therefore, a new coating 
process should be considered. For example, producing a sol with low viscosity might be a 
possible method to coat the weave.  
3) Manufacture and characterization of composites with higher fibre contents 
   In the present work, the composite’s fracture toughness and flexure strength were not 
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significantly increased due to the low fibre content of the composites, which did not provide 
sufficient fibre/matrix interfacial area. According to the positive evidence of the occurrence 
of toughening mechanisms observed (see section 7.4), fabricating composites with higher 
fibre contents is expected to improve the mechanical behaviour of the composite, i.e. using 
the approach introduced in this project to fabricate ‘building blocks’ for the assembly of 
composites with high fibre volume fraction (and also for obtaining composites of large 
dimensions). 
   A preliminary trial of fabricating composites with multi–layers fibres, which had a higher 
fibre content, was carried out in the present work. Composites with double fibre layers 
were fabricated successfully without significant transparency losses and shape change. 
Composites with more reinforcing layers, in particular using NextelTM fibre-ZrO2  
mini-composites, should be fabricated and characterized in terms of their mechanical and 
optical properties.  
   For example, adding extra fibre layers will provide increased interfacial area and improve 
mechanical properties of composites. Figure 8.1 shows schematically the multi-fibre layers 
laminate suggested with the aim of developing advanced composite systems.  
 
Figure 8.1 – Schematic of the multi-fibre layers laminate 
 
4) Measurement of mechanical properties for industrial applications 
   To explore the potential of the present optomechanical composites in industrial 
applications, more tests should be carried out to fully understand the composite behaviour 
under relevant loading conditions such as (ballistic) impact test, flexure strength test at 
high temperature, anti-oxidation and anti-corrosion test, as well as thermal shock 
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resistance tests. A number of relevant properties must be measured and the materials 
performance investigated before considering the material for industrial applications. 
   For example, these optomechanical composites can be used as security glazing, armour 
structures, monitoring windows and impact resistant transparent panels. Given the 
increasing interest in using glass in structural applications (e.g. in construction), the 
present composites represent materials that can provide suitable fracture resistance, 
toughness and structural integrity as well as light transmittance with the added value of 
offering high fire protection ability (as no polymer phases are involved). In addition, if the 
incorporation of higher content of reinforcing fibres leads to significant increase of fracture 
toughness, then panels with much smaller thickness than what is current practice today 
using monolithic glass could be used, i.e. enabling a significant reduction of weight in 
structural applications. 
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